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Abstract
Metal halide perovskites (MHPs), like the archetypal methylammonium lead iodide (MAPbI3),
have emerged in the last decade as promising materials for efficient, low-cost optoelectronics.
MHP solar cells have already reached efficiencies >25%, rivaling established technologies like
single-crystal Si. Yet several challenges prevent the widespread commercialization of MHPs,
including their instability in ambient conditions, their toxicity, and the need for scaleable fabri-
cation techniques. Fundamentally, the origins of important material properties relating to carrier
transport and recombination are still not well understood. Thin film deposition techniques that
enable detailed study of process-structure-property relationships and are commercially relevant
are consequently becoming increasingly essential.
This thesis seeks to address these challenges through the design, implementation, and uti-
lization of a carrier-gas assisted vapor deposition (CGAVD) method that can grow MHP films
with highly tunable stoichiometries and morphologies. Alongside the design of a CGAVD
system with six independently controllable experimental parameters, an analytical model is de-
veloped and experimentally validated that allows the determination of robust and repeatable
growth regimes and the prediction of material deposition rates.
Harnessing this technique, we demonstrate the ability to deposit MASnI3 and MASnBr3
films and to systematically vary their compositions across a wide range, and realize correspond-
ing changes in film microstructures (grain size, coverage) and electronic properties (resistivity,
carrier concentration, mobility). Control of grain size and film texturing is also achieved inde-
pendent of stoichiometry via modulation of chamber pressure and substrate temperature.
The benefits of CGAVD are further highlighted by the successful growth of novel all-MHP
heterojunctions. Two stable pairings are identified: MAPbBr3/MASnBr3 and CsPbBr3/MASnBr3.
Design rules to control the mixing of heterojunctions are developed by exploring the depen-
dence of mixing rate on MHP layer composition and grain size. Finally, through a collaboration
with Physical Electronics, we optimize the use of XPS depth-profiling for MHPs and investigate
which ions are diffusing in a layered structure that exhibits mixing.
Moving forward, the incorporation of CGAVD-grown heterojunctions and Pb MHPs into
optoelectronic devices will harness the tunability of this system towards a deeper understanding
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Chapter 1
Introduction to Metal Halide
Perovskites
1.1 Motivation
As the climate crisis looms and global energy consumption increases, technologies that produce
and consume electricity efficiently with minimal fossil fuel input are becoming increasingly vi-
tal. Renewable energy technologies that use sunlight are particularly promising as the quantity
of solar energy reaching the earth’s surface is thousands of times larger than our global energy
consumption [1]. Furthermore, sunlight-to-electricity conversion using photovoltaics (PVs) can
produce useful electricity in off-grid locations, enabling electrification without the need for ex-
pansive and expensive transmission and distribution infrastructure. While PV technologies are
currently the fastest growing energy source worldwide, they contribute less than 3% to global
electricity production, highlighting the need and opportunities for continued technological de-
velopment [2]. Minimizing the power consumption of ubiquitous devices, such as televisions,
cell-phones, and laptops, is also necessary to maintain our desired quality of life while avoiding
catastrophic climate change. Optoelectronic materials science and engineering sits at the fore-
front of this challenge to create devices that manage our electricity generation and consumption
efficiently and with a low-carbon footprint.
In the last decade, there has been a revolution in the field of optoelectronic materials with
the emergence of metal halide perovskites (MHPs) like the archetypal methylammonium lead
iodide (CH3NH3PbI3 or MAPbI3). This materials system has enormous potential to enable
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low cost, high efficiency, flexible optoelectronic devices. Within this context, the motivation of
my PhD research has been to contribute to the field of MHPs in order to make possible cheap,
efficient, and commercially viable technologies that can improve our quality of life while avert-
ing the climate crisis. My efforts have focused on developing methods to fabricate and study
thin film metal-halide perovskites towards the eventual goal of enabling their incorporation into
commercially viable devices.
This Chapter seeks to provide a high-level history of the field of MHPs as well as an expla-
nation of common nomenclature in order to contextualize my thesis work. A brief overview of
the structure of this thesis is also included for reference.
1.2 A Brief History of Metal Halide Perovskites
While reports of organic–inorganic halide perovskites date back to the late 1800s [3], detailed
optical and electrical characterization of these materials did not begin until the 1990s [4–9]. The
majority of these reports focused on layered or 2D MHPs and their potential for incorporation
into transistors and electroluminescent devices like light-emitting diodes (LEDs) [7, 8, 10–13].
Widespread interest in MHPs arguably did not start until their success as an active material in
photovoltaics (PVs). The first reports of MHPs for use in solar cells was by Miyasaka et al. in
2006, reporting a 2.2% efficient PV by using MAPbBr3 as a sensitizer in a dye-sensitized solar
cell (DSSC) configuration [14]. Use of MHPs in this DSSC configuration, where they served
primarily as a light absorber on a porous TiO2 electrode, continued until 2011 and culminated in
the realization of a 6.5% efficient MAPbI3 solar cell [15, 16]. Unfortunately, these DSSCs de-
graded rapidly due in part to the liquid electrolyte. Use of a solid electrolyte in 2012 culminated
in solar cells with 9.7% power conversion efficiency (PCE) [17]. Interestingly, this first solid
electrolyte employed, spiro-MeOTAD (2,2’,7,7’-tetrakis(N,N-di-p-methoxyphenylamine)-9,9’-
spirobifluorene), remains one of the most widely-used hole transport layers in MHP PV devices
to-date.
One of the most important discoveries that laid the foundation for the rapid advancement
of MHP devices was the demonstration by Snaith et al. in 2012 that MHPs exhibit excellent
electron and hole transport properties. By showing that the PCE of MHP PVs could be improved
by replacing the standard TiO2 electrode with an insulating Al2O3 scaffold, the ability of MHPs
to both absorb light and effectively transport carriers was revealed, and enabled the fabrication
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Figure 1.1. Schematic of MHP PV archi-
tectures reported in the seminal work by
Lee et al., which demonstrated the ability
of MHPs to both absorb light and trans-
port charges efficiently. (a) Mesoporous ar-
chitecture, where the photoactive layer is
comprised of MHP on a mesoporous TiO2
or Al2O3 scaffold. (b) Planar device archi-
tecture, which was the first of its kind re-
ported in the literature. Adapted from [18].
of a planar MHP solar cell for the first time [18]. Along with achieving over 10% PCE, this
discovery proved that MHPs could be utilized more broadly than just as light sensitizers in a
DSSC configuration.
Since 2012, the power conversion efficiency for MHP-based solar cells has increased at an
unprecedented rate, as shown in Figure 1.2. The current single junction record efficiency of
25.2% has surpassed other thin-film technologies such as CIGS and CdTe and is approaching
that of single crystal silicon (with a record efficiency of 26.1%) [19]. Note that the Schockley-
Queisser limit for a single junction PV device with a direct bandgap of 1.34 eV is ∼33.7%,
denoted by the grey dashed line in Figure 1.2.
This fast-paced improvement in PV efficiency is the result of the work of hundreds if not
thousands of research groups and includes a wide array of technical advancements. Figure
1.3 shows the increase in MHP papers and citations over time, highlighting the explosion of
research in this field since 2012 [20]. Major categories of improvement over the last decade
have included (1) the incorporation of multiple A- and X- site cations to improve optoelec-
tronic properties and stability (e.g., in high-performing perovskites like Cs0.05FA0.85MA0.10Pb-
(I0.97Br0.03)3) [21–23], (2) the exploration of transport layers for improved band alignments,
carrier extraction, and stability [24–27], and (3) the tuning of deposition conditions to optimize
film morphology and chemistry and thereby minimize physical and electronic defects [28–32].
A detailed review of important material properties related to these advancements will be dis-
cussed in Chapter 2.
Alongside the developments in single-junction PV devices, MHPs have also been imple-
mented in tandem configurations, both with existing Si cells [33–36] and, excitingly, in all-
perovskite tandem configurations [37–39]. Implementing perovskites in a tandem architecture
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Figure 1.2. Highest confirmed power
conversion efficiencies for selected photo-
voltaic technologies adapted from [19], in-
cluding single crystal Si (mono-Si), cop-
per indium gallium selenide (CIGS), or-
ganic (OPV), and perovskite photovoltaics.
The horizontal line at 33.7% power con-
version efficiency represents the Shock-
ley–Queisser limit for a single junction so-
lar cell with an ideal 1.34 eV bandgap.
may provide an opportunity to realize very high efficiency devices as well as a pathway towards
commercialization for MHP PVs given the dominance of Si solar cells commercially.
While MHPs have been studied most extensively in relation to their application in photo-
voltaic devices, their ideal and tunable material properties have enabled their successful incor-
poration into a much wider array of devices, including photodetectors [40–42], light emitting
diodes [43], lasers [44, 45], transistors [46, 47], and resistive memory devices [48, 49]. Aside
from PVs, MHPs have been most widely studied for their use in LEDs (often called PeLEDs)
due to their narrow emission linewidths and highly tunable bandgaps [50–55]. Recent achieve-
ments in the field of PeLEDS include >20% external quantum efficiency (EQE) for green and
red LEDs [43, 56].
Despite the enormous progress and high efficiency of MHP devices, several challenges
remain before this technology can be widely commercialized, including the toxicity of high-
performance MHPs containing lead [57, 58] and the degradation of these materials in ambient
conditions due to light, heat, moisture, and oxygen [59]. While MHPs are compatible with high-
throughput processes and can be successfully fabricated with a variety of techniques, further
optimization of large-scale fabrication methods is still required.
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Figure 1.3. Growth in MHP
research from 2009-2018, show
through a rapidly increasing
number of publications and
citations in this field. Reprinted
with permission from F. De
Angelis. ”Celebrating 10 years
of perovskite photovoltaics”.
In: ACS Energy Letters 4.4
(2019), pp. 853-854. DOI:
10.1021/acsenergylett.9b00500
[20]. Copyright 2019 American
Chemical Society.
1.3 Perovskite Nomenclature
As the field of metal halide perovskites has grown rapidly over the last decade, the nomenclature
has evolved somewhat haphazardly. In this section, I will outline typically used nomenclature
in the literature as well as the specific naming conventions that will be used throughout the rest
of this text.
The term “perovskite” traditionally refers to a class of materials that have crystal structures
similar to calcium titanate (CaTiO3), with an ABX3 stoichiometry where A and B are large and
small cations, respectively, and X is an anion. This is the structure of the most commonly studed
MHP, methylammonium lead iodide (CH3NH3PbI3), and is shown in Figure 1.4a. Here, the A-
site cation sits in the 3-dimensional cuboctahedral cavity formed by a network of corner-sharing
BX6 octahedra. In MHP literature, common A-sites include methlyammonium (CH3NH+3 or
MA), formamidinium (NH2CH=NH+2 or FA), and cesium, B-sites are typically Pb or Sn, and
X-sites are halogens including iodine, bromine, and chlorine.
In the metal-halide perovskite literature, however, the term “perovskite” is applied to a much
broader set of stoichiometries and crystal structures [60]. For example, 2D perovskites (Figure
1.4e) are typically described as R2An−1BnX3n+1, where R is a large organic cation and “n”
denotes the number of [BX6]4− layers separated by R cations. 2D perovskites have shown
promise to increase the stability and hydrophobicity of MHPs [61, 62], as well as improve
device performance in LEDs [63, 64] and PVs [65]. Other common structures categorized as
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Figure 1.4. Examples of various MHP crystal structures and stoichiometries. (a) Idealized
AB2+X3 perovskite, where A (black) and B (green) are large and small cations, respectively,
and X (grey) is an anion. (b) Structure of the A2B4+X6 vacancy-ordered double perovskite,
like the structure in (a) but with every other B cation removed. (c) Structure of the A3B3+2 X9
layered perovskite, like the structure in (a) but with every third B cation removed. (d) Struc-
ture of the A2B1+B3+X6 elpasolite perovskite, where every other B-site alternates between
two different cation species. (e) Example of a 2D perovskite structure, typically described as
R2An−1BnX3n+1, where R is a large organic cation and “n” denotes the number of [BX6]4−
layers separated by R cations. In this example, R is phenethylammonium and n=3.
”perovskites” in the field of MHPs are shown in Figure 1.4b-d, and include vacancy ordered, 3-
2-9, and double-perovskite types. In this work, the terms ”perovskite” and ”MHP” will be used
to denote metal-halide perovskite materials with an ABX3 stoichiometry and a type of crystal
structure shown in Figure 1.4a unless otherwise noted. As is common in the literature, organic
A-sites will also be abbreviated in this text, including MA for methlyammonium (CH3NH+3 )
and FA for formamidinium (NH2CH=NH+2 ).
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1.4 Overview of Thesis
As noted in the beginning of this chapter, my PhD research has sought to contribute to the real-
ization of cheap, efficient, and commercially viable technologies based on MHPs. Specifically,
the main focus of my work has been to develop and utilize a solvent-free deposition technique
that enables the detailed study of process-structure-property relationships in MHP thin films
and the fabrication of novel MHP layered structures.
To provide further background for these efforts, this thesis begins with an introduction of
the properties (Chapter 2) and standard processing techniques for MHPs (Chapter 3) that form
the foundation off of which my efforts build. I then present the design and development of
the deposition technique (CGAVD) that is employed throughout this work, focusing on the
critical elements that enable the success of this method (Chapter 4). In Chapters 5 and 6, I
demonstrate the unique capabilities of CGAVD to realize tunable stoichiometry and morphology
in MHP thin films and to enable the growth of all-perovskite heterojunctions for the first time.
Finally, Chapter 7 focuses on our detailed exploration of depth-profiled X-ray photoelectron
spectroscopy (XPS) as a tool to characterize MHP films and heterojunctions in collaboration
with Physical Electronics, Inc. Chapter 8 provides a high-level summary of my thesis work
including major achievements, as well as ideas for future work and a broad outlook on the
future of MHP materials.
Additional data corresponding to the above chapters, as well as descriptions and data for
smaller side projects are included in the Appendices. Smaller side projects include: the at-
tempted synthesis of alkaline earth metal halide perovskites in collaboration with the Gagliardi
group (Appendix C), investigations of beam damage on MAPbI3 in TEM (Section 8.2.3), and
preliminary explorations of photoluminescence (PL) degradation in MHPs (Section 8.2.2).
Chapter 2
Fundamental Material Properties of
Metal Halide Perovskites
The rapid advancement of MHPs to achieve high-performing optoelectronic devices is due in
large part to their ideal and highly tunable properties. This chapter presents a summary of
material properties for MHPs focusing on those that are relevant to this thesis and that are
critical for their application in optoelectronic devices.
2.1 Crystal Structure
As shown in Figure 1.4a, 3D ABX3 MHPs form a network of corner sharing BX6 octahe-
dra, where the A-site sits in the octahedral cavity. The sizes of the A, B, and X ions deter-
mine whether this structure can be formed, and when it does they determine the symmetry,
space group, and lattice parameters of the resulting MHP. Two common metrics used to assess
whether a particular combination of A, B, and X ions will form a perovskite structure are the
coordination factor (µ)
µ = rB/rX (2.1)









(not to scale) showing
relevant geometry for
(a) Goldschmidt’s toler-
ance and (b) coordina-
tion factors, including
rB+rX , rA+rX , rB , and
rX .
Figure 2.2. Octahedral fac-
tors (µ) and Goldschmidt’s tol-
erance factors (t) for common
MHP materials, where MA =
methylammonium, FA = for-
mamidinium, and EA = ethylam-
monium. Reprinted by permis-
sion from Springer Nature: Na-
ture Photonics, ”The emergence
of perovskite solar cells”, M.A.
Green, A. Ho-Baillie, and H.J.
Snaith. Copyright 2014 [6].
Whereas µ corresponds to the ability of the six X-site halogens to form an octahedron by pack-
ing around the B-site cation, the tolerance factor (t) determines if the A-site cation will fit in the
cavity formed by these octahedra. Relevant geometrical quantities for these relations are shown
in Figure 2.1. For halide perovskites, Li et al. find that the vast majority of experimentally
synthesizable MHPs satisfy 0.442 < µ < 0.895 and 0.813 < t < 1.107 [66]. Octahedral and
tolerance factors for common MHP materials are shown in Figure 2.2. This range of viable µ
and t values informed my own attempts to synthesize MHPs from alkaline earth metals Mg, Ca,
Sr, and Ba as potential replacements for lead, which was a substantial portion of my preliminary
thesis work [67]. These studies, which were performed alongside computational work by the
Gagliardi group,1 are described in detail in Appendix C and ref [67].
1Debmalya Ray, myself, Hung Q Pham, Joshua Borycz, Russell J Holmes, Eray S Aydil, and Laura Gagliardi
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Figure 2.3. MAPbI3 phases as a function of temperature, where lower symmetry phases result
from octahedral tilting. Reproduced with permission from [69].
Material RT Crystal Structure Space Group Lattice Parameter (Å) Source
MAPbI3 tetragonal I4/mcm a* = b* = 6.26, c* = 6.22 [70]
MASnI3 tetragonal P4mm a = b = 6.24, c = 6.23 [71]
MAPbBr3 cubic Pm3̄m a = b = c = 5.9 [68]
MASnBr3 cubic Pm3̄m a = b = c = 5.9 [72]
FAPbBr3 cubic Pm3̄m a = b = c = 5.99 [73]
FAPbI3 cubic Pm3̄m a = b = c = 6.36 [74]
CsPbBr3 orthorhombic Pbnm a = 8.2, b = 8.24, c = 11.74 [75]
Table 2.1: Room temperature crystal structures, space groups, and lattice parameters for com-
mon MHP materials. *Lattice parameters for pseudocubic tetragonal structure presented to
enable easier comparison between material, calculated as a* = b* = a/
√
2, c* = c/2, where a
and c are the tetragonal lattice parameters.
Most ABX3 MHPs adopt cubic, tetragonal, or orthorhombic structures depending on tem-
perature and µ and t. For example, MAPbI3 has been shown to undergo a transition from a
low temperature orthorhombic phase (Pnma) to a tetragonal I4/mcm phase at 160 K to a high-
temperature cubic Pm3̄m phase above 330 K [68]. These phase transitions are associated with
a tilting of the PbI6 octahedra, as shown in Figure 2.3 [69]. Examples of common MHP crystal
structures, lattice parameters, and space groups are presented in Table 2.1
One interesting challenge with structural characterization of organic-inorganic halide per-
ovskites is the rotational disorder of the organic cations. Due to the non-spherically symmetric
nature of these cations (e.g., MA) they can orient in different directions within the cuboctahe-
dral cavity, and have also been shown to rapidly re-orient on timescales of 10s of picoseconds
at room temperature [76]. Variations in A-site ion alignment, and the dynamic nature of these
ions, could impact electronic and magnetic properties [69, 76, 77].
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2.2 Optoelectronic Properties
2.2.1 Light Absorption, Emission, and Bandgap
Of utmost importance to their application in photovoltaic devices, archetypal MHP materials
are semiconductors that have direct bandgaps and strong absorption coefficients in the visible
spectrum. MAPbI3, for instance, has a direct optical bandgap of ≈1.5 eV, and a large absorp-
tion coefficient (α) in the visible range (α ≈5x104 cm−1 at 730 nm/1.7 eV) [6, 78–80]. This
absorption coefficient is on par with other thin-film semiconductors such as CdTe and InP, as
shown in Figure 2.4.
In ABX3 MHPs like MAPbI3, the conduction band is comprised primarily of metal p or-
bitals, whereas the valence band has both metal s and halogen p orbital character [67, 82]. In
addition to resulting in large absorption coefficients, this orbital configuration means that the
bandgap of MHPs can be easily tuned by changing the B-site and X-site ions [83, 84]. Figure
2.5 shows how changing the X-site cation in MAPbX3 from Cl to Br to I results in a shift in
optical bandgap of close to 400 nm (∼1.6 eV) [81], arising from a combination of different
orbital energy levels of each halogen as well changes in orbital overlap between B- and X- ions
[85]. This enormous tunability means that perovskite materials can be easily customized for a
specific application by changing their halide ions, as demonstrated in optimized-bandgap MHPs
for tandem solar cells [34, 37, 38, 86]. It should be noted that the bandgap of MHPs can also be
tuned by other (more indirect) methods such as octahedral tilting and lattice contractions [87],
however these effects are typically smaller than changes in bandgap from halide substitution.
Figure 2.5b also alludes to another property common to MHPs - their high luminescence
Figure 2.4. Absorption coef-
ficients (α) for common semi-
conducting materials, including
MAPbI3, which has a high ab-
soption coefficient across the vis-
ible range. Reprinted by permis-
sion from Springer Nature: Na-
ture Photonics, ”The emergence
of perovskite solar cells”, M.A.
Green, A. Ho-Baillie, and H.J.
Snaith. Copyright 2014 [6].
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Figure 2.5. Example of facile tunability of
MHP bandgap, shown by changing the halogen in
MAPbX3 from Cl to Br to I. This results in a shift in
optical bandgap of close to 400 nm, visible in both
absorbance (a) and PL (b) measurements. Reprinted
with permission from D. M. Jang et al. ”Reversible
Halide Exchange Reaction of Organometal Trihalide
Perovskite Colloidal Nanocrystals for Full-Range
Band Gap Tuning”. In: NanoLetters 15.8 (2015),
pp. 5191-5199. DOI: 10.1021/acs.nanolett.5b01430
[81]. Copyright 2015 American Chemical Society.
efficiency and color purity. Photoluminescence quantum efficiencies (PLQEs) >90% [88, 89]
and very narrow PL emission peaks of ∼20 nm full with at half maximum (FWHM) have been
achieved in MHPs [88, 90–92]. These properties make them ideal candidates for light-emitting
devices as well as photovoltaics. Fundamentally, the mechanisms of low non-radiative recom-
bination rates are currently not well understood, and have been ascribed to indirect band gaps
arising from the Rashba effect, the low density of deep-gap defects, and low energy phononic
states in MHPs [93].
2.2.2 Carrier Generation and Transport
Like many inorganic semiconductors, MHPs exhibit large static dielectric constants (∼30) [94,
95], and as a result photo-generated excitons in MAPbI3 have small binding energies (<16
meV), which means readily dissociate into free charge carriers at room temperature [79, 96,
97].2 Importantly, this means MHP devices do not necessarily require interfaces with ener-
getic offsets in order to separate charge carriers efficiently, as is typically the case in organic
2However, many light-emitting devices engineer excitons in MHPs via spatial confinement to improve photolu-
minescence efficiency [98, 99].
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semiconducting devices [100–102]. This is beneficial because it allows flexibility in device ar-
chitectures, as shown by the seminal work of Lee et al. who fabricate both mesoporous and
planar MHP solar cells [18]. Interestingly, the details of how charges are separated and trans-
ported towards the proper contacts in MHP devices (i.e., the details of band structure and the
resulting roles of drift and diffusion) are still under scrutiny [103]. Consensus in this area is
difficult in part because it has been shown that in MHP devices the balance between drift and
diffusion depends strongly not only on the energetics of the MHP and transport layers, but also
on the concentration of ionic defects [104].
Electron and hole effective masses (me* and mh*, respectively) are small and similar, typ-
ically on the order of ∼0.1m0 - 0.3m0, where m0 is the rest mass of an electron (9.11x10−31
kg) [97, 105, 106]. The ability of MHPs to transport both holes and electrons efficiently limits
the need for spatially intimate contact between the MHP and charge transport layers (e.g., a
bulk heterojunction configuration) and enables the realization of efficient planar solar cells with
hundreds-of-nm thick MHP layers. Carrier mobilities (µ), which are inversely proportional to
effective masses, can be quite large, in some cases exceeding 1000 cm2/Vs. However, more
typical reports range between 1 - 100 cm2/Vs [60, 105, 107–110], and the origin of these ”rel-
atively low” carrier mobilities is still under intense debate [95, 105]. Indeed, the discrepancy
between the observed mobilities for MHPs and the mobilities expected based on their small
effective masses is one fundamental area of research that requires further understanding [93] -
as discussed in more detail in Section 8.2.3.
Charge carriers in MHPs have also exhibited very long lifetimes (τ ), on the order of >1µs
for single crystal and polycrystalline films [105, 107, 111, 112]. Combined with high mobilities,
these long carrier lifetimes result in very long carrier diffusion lengths (L =
√
Dτ , where
D = qµ/kBT , q is the electron charge, kB is the Boltzmann constant, and T is the absolute
temperature) [108, 113]. In MAPbI3, for example, carrier diffusion lengths have been reported
as high as 175 µm in solution-grown single crystals [113].
2.2.3 Defect Tolerance and Doping
One of the key properties that has enabled the meteoric rise of MHPs is their defect tolerance,
or their ability to maintain excellent optical and electrical performance even when substantial
defects are present. The defect tolerance of MHPs like MAPbI3 is often attributed to the nature
of low formation energy defects such as vacancies, substitutions, and interstitials, which create
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shallow transition levels instead of deep-gap states, and thus do not act as non-radiative recom-
bination centers or traps [114, 115]. While some types of defects can create deep-gap states,
these typically have larger formation energies and thus are unlikely to exist in high concentra-
tions at room temperature. Energy levels for common intrinsic defects in MAPbI3 are shown
in Figure 2.6. Thus, even in the presence of substantial defect densities, MHPs have displayed
high performance (e.g., high open-circuit voltages) and maintained important properties such
as long electron and hole diffusion lengths [82, 115, 116]. An important consequence of this
defect tolerance is that high-performance MHPs can be fabricated with a variety of techniques
(as discussed in Chapter 3), allowing widespread access to research and development of these
materials without the requirement of highly specialized and expensive fabrication equipment.
However, the fundamental reason behind these electronically benign defects is still not well
understood fundamentally [93, 117].
Because the existence of easily-forming MHP defects do not render MHP materials unus-
able for optoelectronic applications, these defects can be used to dope these materials. Com-
putational and experimental studies indicate that the ”self-doped” majority carrier (electrons or
holes) and carrier density of MHPs can be controlled by varying the synthesis conditions [82,
112, 115]. Wang et al., for example, synthesized MAPbI3 as p-type or n-type depending on
Figure 2.6. Schematic
showing energy levels of de-
fects in MAPbI3 from (a) in-
trinsic acceptors and (b) in-
trinsic donors. Note that
defects shown here with
deep-gap states (IMA, IPb,
Pbi, Pbi) all have large
formation energies (<1.5
eV). Reprinted from W.-J.
Yin, T. Shi, and Y. Yan.
”Unusual defect physics in
CH3NH3PbI3 perovskite so-
lar cell absorber”. In: Ap-
plied Physics Letters 104.6
(2014), with the permission
of AIP Publishing [115].
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the ratio of MAI/PbI2 precursors [118]. They found that MAI-rich synthesis conditions result
in p-type behavior, whereas excess PbI2 precursor results in an n-type film. This property has
enabled the realization of a perovskite p-n homojunction to improve carrier transport and min-
imize recombination losses [119], although this type of homojunction is rarely reported in the
MHP literature and is not required to realize high performance solar cells.
It should be noted, however, that the term ”doping” in MHP literature is typically used to de-
scribe the addition of extrinsic ”dopants” such as K, Rb, Mn, Sr, etc., at concentrations that are
much higher (e.g., 50%) than is typical in inorganic semiconductors [82, 120]. These ”dopants”
can have a variety of impacts, from changing how crystallization occurs to impacting the op-
toelectronic properties to improving environmental stability of the MHP material [120–123].
The incorporation of rubidium in multi-cation MHPs like (MAFACs)Pb(IBr)3, for example, has
been shown to increase VOC and FF in a PV device, potentially by passivating defects at the
perovskite/ETL interface [124].
2.3 Ion Migration and Hysteresis
One of the unusual characteristics of MHPs that was observed early in their development was
the hysteresis in current-voltage (IV) measurements, epitomized by large differences in forward
and reverse IV scans [125–127]. An example of this type of hysteresis is shown in Figure 2.7.
Figure 2.7. Example of current-
voltage (IV) hysteresis in a mesoporous
MAPbI3−xClx PV, showing forward bias
to short circuit (FB-SC) and short circuit
to forward bias (SC-FB) current-voltage
curves and a table with extracted per-
formance parameters. Here, JSC = short
circuit current, VOC = open circuit voltage,
η% = power conversion efficiency, and FF
= fill factor. Reprinted with permission
from H.J. Snaith et al. ”Anomalous
hysteresis in perovskite solar cells”. In:
Journal of Physical Chemistry Letters 5.9
(2014), pp. 1511–1515. Copyright 2014
American Chemical Society [125].
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Figure 2.8. Examples of current-voltage (I-V) hysteresis for several MHP PVs (A, C, E, G),
highlighting the difference in IV curve as a function of sweep direction. Hysteresis is minimized
with the addition of KI doping (B, D, F, H). Reprinted with permission from D. Y. Son et al.
“Universal Approach toward Hysteresis-Free Perovskite Solar Cell via Defect Engineering”.
In: Journal of the American Chemical Society 140.4 (2018), pp. 1358-1364. Copyright 2018
American Chemical Society [128].
Initial hypotheses for this behavior included ferroeletric polarization, ion migration, elec-
tronic trapping/detrapping, and/or some combination of these factors [125, 128, 129]. While the
origins of this IV hysteresis are not universally agreed upon, several studies have suggested that
both ion migration and electronic traps play important roles in I-V hysteresis [126, 129–133].
For example, van Reenen et al. use a numerical drift-diffusion model to predict I-V curves as
a function of ion migration and electronic traps, and find that the inclusion of both is required
to adequately model experimental results [130]. Consequently, they hypothesize that hysteresis
can be reduced by minimizing the density of mobile ionic species and/or interfacial electronic
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traps. Work by Dr. Yunlong Zou, a previous member of the Holmes group, provide evidence
for the contribution of mobile ions to hysteresis by demonstrating its strong temperature depen-
dence [134].
Indeed, defect engineering has proven to be a promising route to address hysteresis in PVs.
For example, Son et al. use potassium iodide (KI) doping to nearly eliminate hysteresis in
solar cells based on FA0.85MA0.15PbI2.55Br0.45, FA0.85MA0.1Cs0.05PbI2.7Br0.3, MAPbI3 and
FAPbI3, as seen in Figure 2.8 [128]. They find that this reduction in hysteresis arises from the
prevention of Frenkel defects and associated reduction in trap densities due to KI doping.
2.4 Degradation and Stability
One of the major challenges impeding the widespread commercialization of MHPs is their facile
degradation when exposed to common environmental factors like oxygen, light, water, and/or
heat [59, 135–137]. While some MHP devices have achieved impressive milestones in stabil-
ity, maintaining 94% PCE over 1000 hours of unencapsulated operation in ambient conditions
[138], the typical degradation rate of perovskite solar cells is much faster than commercially
acceptable (module lifetime of 20-25 years) [59]. One review finds that the average degradation
rate of MHP PV modules is well over 50%/year, compared to ∼0.5%/yr for crystalline Si [59].
In addition to having ramifications for maintaining long-term efficiency, this lack of stability is
problematic due to the toxicity and water-solubility of common degradation products like PbI2.
While the precise chemical mechanisms of degradation depend on the specific MHP and
the combination of intrinsic and extrinsic stressors, it is widely observed that the composition
of the MHP has a substantial impact on stability [135, 137]. Inclusion of organic components,
and MA specifically, increases the environmental instability of MHPs, likely due to the myriad
of degradation mechanisms involving these organic species [29, 135, 139]. It is also widely
observed that tin MHPs are much less stable than Pb-MHPs, which is attributed to the favorable
oxidation of Sn2+ to Sn4+ [140–143]. This mechanism is thought to arise from a thermally
activated ”cooperative” oxidation process in which multiple adjacent Sn ions are required to
simultaneously form the reaction products SnO2 and SnI4 [144]. In light of these chemical
degradation mechanisms, one of the main routes to improve chemical stability of ABX3 MHPs
has been to avoid Sn and replace MA with more stable cations. For instance, Turren-Cruz et al.
replace MA with a combination of FA, Cs, and Rb in Rb0.05Cs0.1FA0.85PbI3 to achieve a very
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low degradation rate of 0.236% per year (calculated over 1000 hrs at maximum power point
operation) [145].
Additionally, most degradation processes occur more quickly at defects such as grain bound-
aries and at the MHP surface [135, 146]. As such, another common route to improve sta-
bility has been the passivation of surfaces and grain boundaries, and/or the use of protective
interfacial or encapsulation layers [147, 148]. Passivation has been achieved with a variety
of methods, including the addition of ammonium salts, Lewis Acids, Lewis bases, and ionic
liquids [135]. 2D/3D perovskites, which often incorporate a large hydrophobic cation, have
also been successful to improve the stability of MHPs [29, 61, 62, 149]. Grancini et al.
achieve a MHP PV with zero loss in performance for >10,000 hours by engineering a 2D/3D
(HOOC(CH2)4NH3)2PbI4/MAPbI3 perovskite junction [150].
In addition to the degradation that can happen within an isolated MHP layer, further sta-
bility issues arise when these materials are incorporated into multi-layer devices like PVs and
PeLEDs. One major challenge is that common transport layers like Spiro-OMeTAD are unsta-
ble, and have been shown to degrade even more rapidly than MHPs in some cases [151]. As
such, substantial effort has been made to investigate transport layers that are highly stable when
implemented in MHP devices [24, 152–156]. For instance, Jin et al. replace the problematic
Spiro-OMeTAD with inorganic Cu2−xGeS3 to improve device stability [157]. Corrosion of the
metal electrodes, often associated with the migration of metal and ionic species between layers,
has also been a major source of PV device degradation [158, 159]. Additionally, the operation
conditions of the device (i.e., applied electric field) can accelerate degradation by contributing
to the movement of ionic species; this is especially important in devices that operate at higher
biases such as PeLEDs [137].
Due to the intrinsically fragile nature of MHP materials, it seems likely that a combination
of techniques (including optimizing MHP chemistry, film morphology, and barrier layers) will
be required if they are to reach commercial viability. And, due to the toxic nature of Pb- and
Sn-based MHPs, careful thought must be taken to minimize the potential leakage of these com-
pounds into the surroundings. Interesting approaches to this challenge are already underway,
like the development of ”on-device” Pb sequestration strategies to retain any potential leakage
in the case of catastrophic damage [160].
Chapter 3
Thin Film Fabrication Techniques
One of the reasons that MHP research has increased so quickly over the last decade is likely
due to the ability to synthesize MHPs with a wide variety of relatively facile, low temperature
techniques. All conformations of MHP materials, including thin films, nanocrystals/quantum
dots, and larger single crystals have multiple methods which have proven viable to create high-
performing materials [161]; common techniques are shown schematically in Figure 3.1. In
this Chapter, I briefly review the most common synthesis techniques for thin-film MHPs, with
a focus on vapor-based methods, which hold promise for industrial applications and form the
basis of my thesis work.
Figure 3.1. Examples of common synthesis techniques for MHP thin films, nanocrystals, and




The vast majority of thin film MHPs are made using solvent based techniques, likely due to
their simplicity, low cost, and low barrier of entry for research [162, 163]. Among this class of
techniques, spin-coating is by far the most common; and even within this spin-coating method
there are a myriad of variations that have been explored in the literature. Broadly, spin-coating
methods are typically classified into “one-step” [164, 165] and “two-step” [166–171] categories.
Schematics of these methods are shown in Figure 3.2. In one-step methods, all precursor pow-
ders (e.g. MAI and PbI2 for MAPbI3) are dissolved in a single solution, which is applied to the
substrate. On the other hand, two-step methods involve first depositing only the metal halide
onto the film via spin-coating, and then introducing the organic halide in either solution or vapor
phase. For Pb perovskites, annealing steps are required after spin coating in order for the AX
and BX2 species to react (as well as to drive any remaining solvent out of the film). For Sn
ABX3 perovskites, this reaction happens spontaneously at room temperature.
While both one-step and two-step methods are still employed, the general trend of the field
seems to be favoring one-step methods where AX and BX2 precursors are all dissolved in
the same solution, as generating controllable crystallization and conversion to the perovskite
is more challenging in the two step method, especially for mixed A-, B- and/or X-site MHP
formulations [172]. Indeed, high efficiency mixed A- and X- site PV devices are fabricated
using the one-step method [21, 173, 174].
Figure 3.2. Examples of
one step (top) and two-step
(bottom) spin-coating syn-
thesis methods. In the
two-step method, reaction
with AX can be accom-
plished either through a sec-
ondary spin-coating step or
by vapor treatment. Col-
ors are used for clarity and
do not necessarily represent
film colors.
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Within these broad categories of spin-coating, many additional techniques have been em-
ployed to improve film quality and resulting device performance: nearly every high efficiency
devices uses a procedure more complicated than the simplistic ones shown in Figure 3.2. One
of the most common additions is the use of an antisolvent to accelerate crystallization during
spin-coating [21, 173–175]. This method applies a solvent in which the MHP has low solubil-
ity, like chlorobenzene, as a secondary step after the MHP solution has already been deposited
on the substrate. By reducing the solubility of the MHP precursors, this method tends to in-
crease nucleation density (compared to films without antisolvent addition), resulting in flat,
uniform, pinhole free films. For example, Zhu et al. use a one-step spincoating plus antisol-
vent method, combined with a bulky ligand additive (4-tert-butyl-benzylammonium iodide), to
achieve a MHP PV with 23.5% power conversion efficiency [21]. An example of the result of
employing an antisolvent treatment on a MAPbBr3 film can be seen in Figure 3.3. Here, my
application of 200 µL of chlorobenzene 15s into the spincoating cycle had a dramatic impact
on grain size and surface coverage.
Figure 3.3. Impact of anti-solvent drip during spin coating for MAPbBr3. MABr + SnBr2 in
1:4 vol% DMF:DMSO solution was static spun on Si wafers at 3000 rpm. In (a), the film was
allowed to spin for 2 minutes until dry, whereas in (b) 200 µL of chlorobenzene was dropped
onto the film 15 seconds into the spinning cycle.
As shown in Figure 3.1, there are many other solution-based synthesis techniques to deposit
MHP thin films. These include but are not limited to printing [176, 177], slot-die coating [178,
179], blade coating [180, 181], spray deposition [182, 183], soft-cover deposition [184], and dip
coating [185, 186]. While the development of most of these methods is still in early stages, they
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are becoming increasingly important as a means to fabricate large area devices [163]. As the
field moves towards commercialization, it will be interesting to see which of these techniques
become the most viable for high-throughput, cost effective fabrication that can result in high
quality films and high efficiency devices.
3.2 Vapor-Based Methods
Compared to solution-based methods, vapor deposition techniques have several advantages.
They can be used with a wide array of MHP precursors without the need to substantially tune
the synthesis method, and similarly accommodate multiple precursor materials which may not
have compatible solubilities. They also allow incremental tuning of film morphologies (e.g.
grain size) across a wide range without changes in chemistry. The purity of MHP materials
can also be tightly controlled with vapor-based methods, which is critical for their efficiency
and long-term stability in devices. Vapor techniques also typically allow for precise thickness
control. Importantly, vapor deposition also enables the fabrication of multi-layer stacks, like
all-perovskite heterojunctions, which are inaccessible with standard solution-based methods
because of the common solubility of neighboring layers. Finally, vapor based methods have
been proven to be industrially relevant as they are currently commercialized for organic light-
emitting devices.
Currently, the body of research using vapor-phase deposition for MHPs is relatively small
compared to solution based methods. Figure 3.4 highlights this, showing the power conversion
efficiency vs. active area for MHP solar cells <10 cm2, in which only two reports use a fully
vapor deposited MHP (one denoted ”CVD” and one denoted ”co-evaporation”; the other vapor
methods also have a solution processed step) [187]. Despite this, the nascent body of work
on vapor-deposited metal halide perovskites has already demonstrated deposition on large-area
flexible substrates and fine control over film composition and morphology [188–227]. Vapor
deposition has also been used to fabricate an interlayer-free 2-terminal perovskite-Si tandem
cell, thus providing a practical route to tandem and multi-layer perovskite solar cells [228].
However, the efficiencies of vapor-based MHP devices are still significantly lower than
those of their solution-based counterparts. Since 2016, the highest efficiency for a fully vacuum
deposited MHP solar cell has hovered between 20 and 21%, compared to the over 25% achieved
using solution methods [19, 187, 190, 227, 229]. As such, significant work must be done to
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harness the power of this technique to achieve parity with solution processed device efficiencies,
as well as for fabricating novel HP films and layered structures.
In general, vapor-based methods for MHPs have fallen under two categories: high-vacuum
thermal evaporation (VTE) and low- to medium-vacuum CVD-type methods. Schematics for
these two broad categories are shown in Figure 3.5. In high-vacuum thermal evaporation, also
commonly referred to as physical vapor deposition (PVD) in the MHP literature, source material
is resistively heated in a chamber operating in the range of 10−5-10−7 Torr, and sublimes in a
plume-like geometry. Typically, the substrate and walls are relatively cold compared to the
material sublimation temperatures, and as such the vapor condenses when it encounters these
surfaces. Deposition rate is often monitored via the use of quartz crystal microbalances, or
QCMs. CVD-type techniques, as depicted in Figure 3.5b, operate at higher pressures, generally
above 10−2 Torr, and in a hot-walled reactor. Here, the sublimed material vapor is transported
via carrier gas to the substrate surface where it selectively condenses. In both of these methods,
materials can either be deposited at the same time (co-deposition) or sequentially, and films can
be annealed during and/or after deposition.
Among these two configurations, the most commonly employed vapor deposition method
Figure 3.4. Power conversion ef-
ficiency (PCE) vs. active area
for MHP solar cells, separated
by processing technique. Among
these reports, only two use a
fully-vapor deposited MHP layer
(one denoted ”CVD” and one de-
noted ”co-evaporation”; the other
vapor methods also have a solu-
tion processed step). Reprinted
from Joule, 5, J. Li et al.,
”Highly Efficient Thermally Co-
evaporated Perovskite Solar Cells
and Mini-modules”, 1035-1053,
Copyright 2020, with permission
from Elsevier [187].
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Figure 3.5. Schematics of vapor deposition systems for MHPs. (a) High-vacuum thermal
evaporation (VTE), showing sublimation of two precursor materials under resistive heating.
Deposition rate and the resulting film thickness is typically monitored via QCMs. (b) CVD-
type, low-to medium-vacuum system, where a carrier gas transports sublimed vapors through a
hot-walled reactor to the substrate, where they selectively condense.
by far is the VTE approach, either with co-evaporation or sequential evaporation of the pre-
cursor materials [188–203]. VTE techniques typically excel at very fine levels of stoichiomet-
ric and thickness control, and can result in high-purity films. Indeed, all of the fully vacuum
processed MHP PVs that have achieved >20% efficiency used the VTE method [187, 190,
227, 229]. Early works for high-efficiency VTE devices include a 20% PCE fully vacuum
deposited1 MAPbI3 perovskite via co-evaporation of MAI and PbI2 by Mombolona et al. in
2016 [227]. Shortly thereafter, Zhu et al., realized a >20% efficient planar solar cell using a
MA0.77Cs0.23PbI3 absorber deposited via co-evaporation of PbCl2 and CsCl, followed by an
MAI treatment at atmospheric pressure [190]. Very recently in May 2020, Li et al. achieved a
record efficiency of 18.13% for a large area, 21 cm2 device using VTE with co-deposition of
MAI and PbI2 [187]. Although not resulting in a device with >20% PCE, recent experiments
using VTE co-evaporation have also shown impressive capabilities to tune grain size of MAPbI3
film from hundreds of nm to microns by changing substrate temperature [230].
1including all transport layers
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Despite these promising reports, VTE deposition is not without its limitations. One of the
challenges commonly observed with VTE of hybrid MHPs is the high background pressure
resulting from the large volatility of organic halides like MAI [187]. Instead of subliming in a
plume-like geometry as depicted in Figure 3.5a, the MAI vapor will fill the chamber, thereby
making deposition rate monitoring using standard QCM configurations nearly impossible [187,
204]. For instance, MAI has been observed to deposit on the back side of the QCM, which has
no line-of-sight to the MAI source [193]. To circumvent this issue, creative solutions have been
implemented whereby the QCMs are situated facing opposite of the MAI source or are placed
behind a permanently closed shutter, thereby improving the accuracy of deposition rate sensing
by measuring the overall MAI pressure in the chamber [192, 193]. Furthermore, it has been
demonstrated that the deposition rate of MAI depends strongly on MAH2POx impurities in the
starting material, which often vary from batch to batch, therefore making consistent deposition
of MAI even more challenging [231]. While these impurities can be reduced by improved
washing techniques [231], precursor purification is not widely reported in the literature.
An alternative but understudied approach is the CVD-type carrier-gas assisted vapor depo-
sition method shown in Figure 3.5b. While this type of technique is commonly referred to as
”CVD” in the MHP literature, I will use the term CGAVD here to emphasize the use of a carrier
gas and the lack of gas-phase reactions. CGAVD methods typically provide a large parameter
space to tune film composition and microstructure (as we show in detail in Chapter 5), and have
been employed widely in the context of organic semiconductors to realize exquisite control of
composition and morphology in planar and bulk heterojunction devices [232–237]. For metal
halide perovskites, however, CGAVD has been only sporadically used, appearing in less than∼
50 papers in total. Most implementations have used a “hybrid” approach, where the metal halide
(e.g. PbI2) film is first deposited using a solution or high-vacuum process, and then CGAVD
is used to expose that film to the organic halide (e.g. MAI). This method was pioneered by
the Qi group at Okinawa Institute of Science and Technology [206, 238–242], with the Cui
groups (University of Minnesota) [224, 225] and Lu groups (Hefei University of Technology)
[208, 222, 223] also making notable contributions. Using this hybrid approach to synthesize
Cs0.1FA0.9PbI2.9Br0.1, Qiu et al. achieve an impressive 10% PCE for a relatively large area
(91.8 cm2) solar module [240]. For smaller area devices, power conversion efficiencies using
this hybrid technique have achieved just over 15% [206, 207, 241].
For MHP films where both metal-halide and organic-halide are deposited at the same time
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Figure 3.6. Schematic of
CGAVD setup from Tavakoli
et al., which they use to co-
evaporate PbX2 and MAI to
fabricate 11.1% efficient photo-
voltaic cells. Reproduced with
permission from [205].
using CGAVD, there are even fewer reports. In fact, we are aware of only one report where
the full perovskite film is deposited using CGAVD [243]. In this work, large ∼1 µm grained,
pinhole free MAPbI3−xClx films were formed via codeposition in CGAVD and incorporated
into 11.1% efficient photovoltaic cells [205]. While this efficiency value is relatively low com-
pared to other vapor and solution based methods, this is expected given the limited exploration
of this technique. A schematic of the setup presented by Tavakoli et al. is shown in Figure 3.6,
where the MAI and PbX2 powders appear to be situated in crucibles sitting directly inside of
the reaction chamber. Given this schematic, it appears that there is only one carrier gas flow,
no substrate cooling, and no additional control for chamber pressure. While this work pro-
vides a validation that both PbX2 and MAI can be deposited within the same CGAVD chamber,
additional control and tunability will likely be required for optimization of this method.
In addition to the overall limited reports, none of the works published utilizing CGAVD for
MHPs provide an in-depth or comprehensive exploration of how deposition conditions impact
morphologies, or what range of stoichiometries and morphologies are even accessible with this
technique. Furthermore, no papers report the deposition of Sn-based or other non-Pb MHPs us-
ing CGAVD. Consequently, there is substantial room for further exploration and development of
this powerful technique that has already resulted in relatively high efficiencies, can allow facile
tuning of morphologies and stoichiometries as well as the deposition of multi-layer MHPs, and
has commercial relevance for deposition of large-area MHP films. As such, the majority of
my PhD work focused on implementing, developing, and applying this promising technique
towards a deeper and richer understanding of its capabilities.
Chapter 4
Design and Development of
Carrier-Gas Assisted Vapor Deposition
System
As discussed in Chapter 3, carrier-gas assisted vapor deposition (CGAVD) techniques are not
well established for metal halide perovskites. A main goal of my research was to carefully
develop and apply this technique to MHPs: I sought to investigate the growth behavior of per-
ovskite films in detail in order to build a foundation of knowledge for this technique that would
enable myself and others to systematically grow perovskite films. This work was guided by
the success criteria presented in Section 4.1 and accomplished in three major phases. The first
(Section 4.2) involved building and testing a relatively simple proof-of-concept setup in order
to demonstrate that a CGAVD system would indeed work to grow MHP thin films. After ver-
ifying this method, we then focussed on the detailed design of a 4-source CGAVD chamber
with cooled substrate (Section 4.3). To validate and test this design, an analytical model was
developed to understand material transport and deposition as a function of operating conditions,
and experiments were done to assess the overall system performance against the success crite-
ria (Section 4.4). The development of a detailed understanding of the operation of this CGAVD




4.1 Design Goals and Success Criteria
In order to build a system that allows a detailed understanding of how system pressures, tem-
peratures, and flow rates impact film growth rates, stoichiometries, and microstructure, and to
enable the growth of films that would be relevant for eventual incorporation into optoelectronic
devices, I came up with the following success criteria to guide our system design:
(1) Enable the deposition of common precursor materials for MHPs including but
not limited to: SnI2, SnBr2, PbI2, PbBr2, MAI, and MABr. This is a basic require-
ment that is necessary to grow a variety of MHP films with this technique.
(2) Allow these materials to be either sequentially deposited or co-deposited to en-
able the study of how this impacts film properties and performance.
(3) Enable control of the flux ratio of the materials being deposited. This is required
in order to tune film stoichiometry and deposition rate, which are expected to im-
pact film morphology.
(4) Provide sufficient experimental parameter space to enable films to be deposited
with a wide range of stoichiometries and morphologies (including grain size, rough-
ness, orientation), in order to study how these impact film properties and device
performance.
(5) Yield films with lateral (in-plane) uniformity in thickness, stoichiometry, and
morphology across a length-scale relevant for studying optoelectronic devices (∼cm).
(6) Minimize growth-to-growth variation for experimental repeatability.
4.2 Prototype
In order to test if a CGAVD technique could achieve the first goal outlined in Section 4.1, I first
built a simplified, one-source prototype depicted in Figure 4.1. Here, my aim was simple: to test
if I could form a tin perovskite (e.g. MASnI3) by depositing both precursors using carrier-gas
assisted vapor deposition.
This system was comprised mainly of components that already existed in our lab, including
a 3-zone tube furnace, a 1.5” OD quartz tube to act as the deposition chamber, a custom quartz
ampoule to hold the source material, an aluminum substrate holder (with bolts to secure the
substrate) attached to a linear feed-through, rough vacuum and purge gas connections, and KF
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Figure 4.1. Schematic (top) and picture (bottom) showing prototype vapor deposition setup,
including the quartz chamber (1), furnace (2), source ampoule (3), and substrate holder on linear
feedthrough (4).
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and ultra-torr fittings to connect and seal these components. With this setup, I was able to tune
four different experimental variables:
1. carrier gas flow-rate (V̇) - using a mass flow controller
2. chamber pressure (P) - a function of both the carrier gas flow rate and the position of a
gate valve prior to the rough pump
3. substrate temperature (Tsub) - by moving the substrate axial position
4. source temperature (Tsource) - by moving the source ampoule axial position
Prior to depositing precursor materials, I first mapped out the temperature profile in the
quartz chamber using thermocouples inserted into the source ampoule and the substrate holder.
This was required in order to understand what temperature ranges were accessible for both
the source and substrate, how steep temperature gradients were, and how these temperatures
depended on the oven temperature and chamber pressure. Measuring at a variety of furnace
temperatures and carrier gas flow rates, I constructed the temperature profiles shown in Figure
4.2. As expected, the temperatures rises from room temperature outside the chamber to the fur-
nace setpoint at 10-15 inches into the chamber. These temperature profiles were also confirmed
using finite element analysis (FEA) in COMSOL, which matched well with the experimental
results found in Figure 4.2. Details for these FEA simulations can be found in Figure D.1.
Using these temperature profiles to inform the axial placement of source material, I then
Figure 4.2. Experimen-
tally measured (symbols)
and FEA simulated (lines)
chamber temperature pro-
files as a function of ax-
ial distance into the chamber
at various oven temperatures
(110 °C and 220 °C) and car-
rier gas flow rates (0 - 1000
sccm). Oven temperature
has a much larger impact on
the temperature profile than
carrier gas flow rate.
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demonstrated the successful deposition of two MHP precursors: MAI and SnI2. These ma-
terials were deposited separately on a variety of substrates, including glass, ITO, and c-TiO2.
Importantly, both MAI and SnI2 depositions were done using the same oven temperature, sug-
gesting that it would be possible to co-deposit these materials given the space for multiple source
ampoules. Examples of these initial depositions can be seen in Figure 4.3, showing XRD pat-
terns and absorption spectra for typical films. This result proved that CGAVD could enable the
deposition of both organic and metal halide powders necessary for perovskite formation without
requiring substantially different furnace setpoint temperatures.
Figure 4.3. Examples of typical MAI (a and b) and SnI2 (c and d) depositions using the
prototype CGAVD system. (a) and (c) show XRD patterns and (b) and (d) show absorption
spectra for these films; insets show typical colors of MAI (white/clear) and SnI2 (yellow) films
deposited on 1x1 cm ITO substrates. X-ray diffraction was collected using a Bruker D8 2D
diffractometer with Co Kα radiation (λ=1.7889 Å). Deposition conditions for these films were
Toven = 220 °C, V̇ = 200 sccm, P = 0.5 Torr, TSnI2 = 220 °C, TMAI = 110 °C, Tsub = 55 - 170
°C.
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While this prototype system only had one source ampoule, and thus could only enable
sequential deposition, I wanted to test the possibility to form full perovskites in CGAVD prior to
constructing the next generation system. To do that, I made a slight modification to the substrate
holder by attaching an aluminum rail to the existing puck, thereby changing the orientation
of the substrates with respect to the impinging gas flow (parallel instead of perpendicular) as
well as allowing multiple substrates to be loaded at the same time. This modified substrate
holder loaded with three glass slides can be seen in Figure 4.4a, which also shows the result of
sequential SnI2 and MAI depositions.
These sequential depositions highlight several important results. The first is the success-
ful formation of phase-pure MASnI3 perovskite using this technique, which corresponds to the
black film at location 1 in Figure 4.4a. Absorbance, PL, and XRD data for this location can
be seen in Figure 4.4b-c and align well with literature reports [140]. Additionally, the axial
Figure 4.4. First successful deposition of MHP in the CGAVD prototype system via sequential
deposition of SnI2 and MAI on glass. (a) Picture of modified substrate holder as well as results
of sequential deposition of SnI2 and MAI. (b) Absorbance and PL spectra for location 1. (c)
XRD patterns for locations 0, 1, and 2. X-ray diffraction was collected using a Bruker D8 2D
diffractometer with Co Kα radiation (λ=1.7889 Å). Deposition conditions for these films were
Toven = 220 °C, V̇ = 200 sccm, P = 0.5 Torr, TSnI2 = 220 °C, TMAI = 110 °C.
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locations of condensation of SnI2 and MAI on the substrates appear to be visually different. In
Figure 4.4a, it is clear that there is an area of yellow film prior to the onset of the black film.
XRD (Figure 4.4c) confirms that the yellow film in location 0 corresponds to SnI2, implying
that the SnI2 vapor began to condense on these substrates earlier (i.e. at higher temperatures)
than MAI. While this finding aligns with our expectations given the higher sublimation enthalpy
of SnI2 compared to MAI, it also highlights a limitation of this type of substrate holder design.
While our prototype design allowed us to linearly actuate the substrate to reach different sub-
strate temperatures, Figure 4.4a makes clear that the location/temperature of the substrate is
inextricably coupled with if, and how much, material would end up depositing on the substrate.
Thus, our ability to get material to deposit at significantly different substrate temperatures was
limited with this design. This motivated the design of an actively cooled substrate holder as
discussed in Section 4.3.3.
Another obvious issue with our prototype design is the limitation of having only one source
material loaded at a time due to the singular ampoule—making it impossible to test co-deposition
of materials in this configuration. This was addressed in the next design iteration by the incor-
poration of four separate sources (Section 4.3.2).
In summary, our CGAVD prototype design allowed us to successfully deposit both organic
and inorganic precursors at the same oven temperature, and form a full MHP from sequential
deposition. We also demonstrated via our finite-element modeling (Appendix D) that we un-
derstood the thermal behavior and dominant mechanisms driving the temperature profiles in
this system. These results addressed goal 1 outlined in Section 4.1, which was to enable the
deposition of common precursor materials. It also partially addressed goal 2, which was to en-
able both sequential and/or co-deposition of these precursors. In order to address the remaining
goals (2–6), we needed to significantly improve and alter the design, which is presented in the
following section.
4.3 Detailed Final Design
The details of our final CGAVD system design resulted from the consideration of many factors,
including lessons learned during our prototype development, restrictions associated with the
use of existing equipment (e.g. the tube furnace), and by the design of similar systems in the
literature. This section discusses the overall system design as well as detailed designs for the
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4-source manifold, cooled substrate holder, and system enclosure. Note that many of the com-
ponents discussed in this section were custom designed; detailed drawings of these components
can be found in Appendix D.
4.3.1 Overall System Design
A substantial portion of the overall/conceptual design for our final CGAVD setup was based
off of the low-pressure organic vapor phase deposition (LP-OVPD) system developed by Shtein
et al. and described in detail in ref [234]. A schematic of this system is shown in Figure
4.5. Major components include a 3-zone tube furnace and tubular chamber, multiple source
ampoules/barrels fitted with their own material holders and thermocouples, separate carrier gas
and sheath (purge) gas sources, and a rotating, linearly actuatable water-cooled substrate holder
outfitted with a shutter and thickness monitor. Using this system, Shtein et al. have studied
the mechanisms of material transport in carrier-gas assisted vapor deposition for materials like
Alq3, DCM2, and α-NPD in detail [234]. Due to the extensive tunability of this setup, the
detailed understanding of how this deposition system behaves for organic materials, and the
similarities between our furnace configurations, we modeled our overall system design on that
presented by Shtein et al. [234].
Figure 4.5. Schematic of low-
pressure organic vapor phase de-
position (LP-OVPD) system, re-
produced from [234], that formed
the basis for our conceptual de-
sign. Reprinted from M. Shtein
et al. ”Material transport regimes
and mechanisms for growth of
molecular organic thin films us-
ing low-pressure organic vapor
phase deposition”. In: Journal
of Applied Physics 89.2 (2001),
pp.1470-1476, with the permis-
sion of AIP Publishing.
As such, our system contains many similar components to the design in Figure 4.5. A
simplified 3D model and schematic is shown in Figure 4.6, and consists of a 3” diameter quartz
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tube inside a three-zone cylindrical furnace.1 The axial temperature profile within the tube is
controlled by the furnace temperature set points. Four 0.5” diameter quartz tubes are positioned
eccentrically inside the larger 3” tube. Within each 0.5” tube, source material powder (e.g.,
MABr, MAI, SnBr2, or SnI2) is packed in a fritted gas dispersion tube2 and attached to a linear
feedthrough with embedded thermocouples for real-time temperature monitoring. These linear
feedthroughs are used to translate the sources axially (via an ultra-torr fitting) to vary source
material temperature. For more details see Section 4.3.2.
Nitrogen, the carrier gas, flows through each source tube and over the source material, car-
rying sublimed vapor towards a cooled substrate as depicted in Figure 4.6b. The tubes-within-
tubes arrangement with independent carrier gas flows for each source minimizes back flow and
source material contamination, and allows independent control of material flux for each source
1The outer dimension of the quartz chamber was limited to ∼3” by the inner diameter of the tube furnace.
2This was later changed to a custom-made quartz powder holder in order to reduce the deposition and sticking
of powder to the linear feedthroughs. Schematics for this holder are shown in Section D.2.
Figure 4.6. (a) CAD model (to scale) of final CGAVD system design. (b) Schematic highlight-
ing the six independent experimental parameters in CGAVD (orange boxes): the carrier gas flow
rate V̇CG,i; the dilution gas flow rate V̇DIL; the source material temperature Ti; the gas temper-
ature Tg; the substrate temperature Ts; and the deposition pressure P. Part numbers are defined
as follows: (1) linear actuator with embedded thermocouple; (2) N2 carrier gas manifold; (3)
showerhead for dilution gas delivery; (4) source material attached to linear actuator; (5) source
material ampoule; (6) 3” diameter quartz chamber; (7) water-cooled substrate holder; (8) ports
for rough pump. Note that the schematic in (b) only shows one source material ampoule instead
of four for clarity.
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(discussed further in Sections 4.3.2 and 4.4). Additional N2 is fed into the annular region around
the source material tubes (item 3 in Figure 4.6). This flow dilutes the vapors emerging from the
source tubes, providing additional control over the species fluxes independent from the source
material evaporation rate and chamber pressure; it also reduces backwards diffusion and con-
densation of sublimed vapor which serves to keep the chamber clean. After exiting the source
tube, the vapors impinge, condense, and/or react on the cooled substrate to form films.
Using this configuration, we address two of the major issues identified in our prototype de-
sign: the lack of separate material ampoules and the coupling between substrate temperature
and amount of material condensation. Furthermore, we have two additional experimental pa-
rameters we can adjust to tune deposition conditions. In total, then, our final CGAVD design
has six experimental parameters that can be varied independently to alter the deposition of a
source material i:
1. the carrier gas flow rate, VCG,i,
2. the chamber dilution gas flow rate, VDIL,
3. the source material temperature, Ti,
4. the chamber gas temperature, Tg,
5. the substrate temperature, Ts,
6. and the total chamber pressure, P.
These six independent parameters are highlighted in orange in Figure 4.6b. All gas flow
rates are set and maintained constant during deposition by mass flow controllers, with the ex-
ception of V̇DIL which is controlled by a needle valve and recorded as a change in total chamber
pressure using a pressure gauge. The substrate temperature, Ts, is adjusted by changing cooling
water temperature and/or flow rate. The total pressure, P, is controlled by a combination of di-
lution gas and a gate valve aft of the rough pump. A detailed treatment of how these parameters
impact deposition rate is presented in Section 4.4.1.
Compared to the LP-OVPD system used by Shtein et al. and presented in Figure 4.5, our
system has a few major differences. The first is the lack of chamber thermocouple in our system;
instead of measuring the temperature in-situ, we find that our chamber temperature is relatively
stable and constant for a given oven temperature as seen in Figure 4.2. Thus, in setting the oven
temperature, we can accurately know the temperature of the gas prior to the substrate, with an
accuracy of less than 10 °C. Second, our substrate holder is not rotating nor on a linear actuator.
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Due to the expense of these types of components (especially when combined with water cool-
ing), we chose to implement them only in stages if deemed necessary. Interestingly, we find
that rotation is not necessary to achieve films that are laterally uniform,3 as described in detail
in Section 4.4.2. Furthermore, we designed the axial location of our substrate holder in order
to maximize material deposition on the substrate, and coupled with active water cooling, deter-
mined that linear actuation was not necessary to control deposition and substrate temperature.
While we have not measured our materials utilization efficiency rigorously, visually-obvious
regions of deposition are confined to the front surface of the substrate holder for typical oper-
ating conditions.4 Finally, our system does not have a way to monitor film thickness in-situ.
This is due largely to the geometric limitations imposed by our furnace. Given the 3” OD of our
deposition chamber, we were not able to fit a quartz-crystal microbalance (QCM) type monitor-
ing system without blocking our substrate substantially. Using an ellipsometric-type thickness
monitoring system was also considered, but would have required substantial modifications to
the oven and chamber, which were deemed unfeasible for this design. As discussed in Sec-
tion 8.2.4, the addition of thickness monitoring is something to be considered if this system
undergoes future design iterations.
4.3.2 Four Source Assembly
In order to enable the co-deposition of multiple precursor materials, our final CGAVD system
required a design containing multiple sources. Building off of our prototype and the config-
uration outlined by Shtein et al. [234], we chose to implement a tubes-in-tubes arrangement
whereby each source material would be situated inside of an individual quartz ampoule with an
independently controllable carrier gas flow. The space limitations imposed by our furnace and
chamber size limited the number of possible sources to four; where each source ampoule was
0.5” in diameter. As typical MHP materials require two precursor materials, having four sources
was deemed sufficient as it would enable us to deposit two different MHPs without re-loading
sources, as well as to make more complicated mixed A, B, and/or X site MHPs.
In order to supply separate carrier gas flows to each source, we designed a custom N2 mani-
fold as depicted in Figure 4.7. Here, a system of Swagelok-connected tubes would feed separate
3over an area of at least 4 cm2
4However, materials utilization efficiency, which can be qualitatively observed by visually noting the regions of
deposition in the chamber, is significantly reduced at high substrate temperatures and very low chamber pressures.
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Figure 4.7. Four Source Assembly Design. (a) 3D CAD model of the overall design. (b)
Cross-sectional model, showing the flow of N2 into the manifold and how the thermocouples
and source holders interface with the SS linear feedthroughs. (c) Picture of the implemented
design. Part numbers are as follows: (1) Thermocouples for in-situ source material temperature
monitoring, (2) SS feedthrough, constructed of a 1/8” hollow SS rod welded shut at one end.
(3) Ultra-torr fittings welded to a flate plate to interface with N2 manifold via o-ring. (4) Source
material holder; either a fritted gas dispersion tube or a custom quartz boat. (5) Aluminum N2
manifold, with welded ultra-torr fittings to interface with quartz source ampoules. (6) Tubes for
N2 input for each source. (7) Quartz source ampoules, which terminate just aft (to the right in
the orientation pictured here) of the N2 inputs. (8) Flange interface with chamber, with welded
ultra-torr fittings to interface with quartz source ampoules. (9) O-ring for sealing between flange
and chamber. (10) Showerhead for N2 dilution gas flow.
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cavities in an aluminum manifold block, which was connected to the source ampoules via ultra-
torr quick connects.5 Each of the four source material holders is inserted into the manifold by a
SS linear feedthrough with an embedded thermocouple, connected via ultra-torr quick connects
welded to a plate and sealed to the manifold using an o-ring. With this arrangement, source
material can be moved axially within the chamber before, during, and after deposition by loos-
ening the ultra-torr fittings, sliding the SS feedthrough to the desired location, and re-tightening
the fittings. As described in Section 4.3.1, we also included a showerhead-type dilution gas
flow mechanism (item 10 in Figure 4.7). This dilution gas flow serves to minimize backflow
and acts as another way to change chamber pressure (see Section 4.4). Detailed drawings for
these components can be found in Appendix D.
An important design consideration for the source-end of this system is the geometry of
the source material ampoules. Specifically, their length and nozzle geometry can significantly
impact the flow behavior in the overall system, as a constriction of flow will result in an increase
in velocity,6 thus minimizing the potential for backwards diffusion. Shtein et al. discuss this
explicitly, and use a 0.6 cm diameter, 10 cm long nozzle on the end of their 2.5 cm diameter
source barrels [234]. The smaller diameter of our deposition chamber necessitated a smaller
overall source ampoule diameter of 0.5” (∼1.3 cm), but we incorporated a similar ∼0.6 cm
ID nozzle geometry in order to prevent backflow. When depositing metal halide materials like
SnI2 or SnBr2, evidence of backflow can be easily seen via the deposition of highly visible
yellow material on the (cold) source side of the chamber walls. I have generally observed
no appreciable material deposition/backflow for total chamber pressures above ∼200 mTorr.
However, for deposition pressures below this, it is not uncommon to observe backflow indicated
by material accumulation on the walls of the chamber prior to the source material axial position.
In regards to determining the optimal total length of the ampoule, there were three main fac-
tors we considered. The first was that they should be long enough such that the source material
can be set at a wide range of temperatures. Based on the temperature profiles shown in Figure
4.2, it is thus ideal for the source ampoules to reach at least 15” into the furnace. Second, the
longer the source material ampoules, the less likely there will be cross-contamination between
the sources and/or substantial backwards source material diffusion and condensation. Third,
there must be sufficient distance between the exit of the ampoules and the substrate to allow
5The desired carrier-gas flow rate for each source is separately controlled by massflow controllers.
6This is true for subsonic flows, which is this case for this system.
40
for flow collimation in order to prevent deposition non-uniformities on the substrate. Shtein
et al. show that given their geometry, a distance larger than 4 cm is required to achieve flow
collimation [234]. Due to the different geometry of our design as well as the desire to explore a
wide range of operating conditions, we designed the source ampoule-to-substrate distance to be
variable between 0” and 15” by ajusting the distance between the chamber and the N2 manifold
as seen in Figure 4.7. This distance was initially set to ∼6 inches, which was later determined
sufficient to achieve collimated flow based on subsequent experiments (see Section 4.4).
4.3.3 Water-Cooled Substrate Holder
As discussed in Section 4.2, our initial prototype motivated the design of an improved substrate
holder concept for the final CGAVD system. Specifically, the goal of the updated substrate
holder is to enable temperature control of the substrate during and/or after deposition, and to
have this temperature de-coupled from the axial position of the substrate holder within the
furnace. This requirement motivated the design of the actively cooled system depicted in Figure
4.8. This system consists of a removable copper plate (item 1), equipped with clips to secure
the substrate, which is bolted into the water-cooled Cu/SS cylinder. This cylinder is held in
place via pipe clamps and a cantilevered SS rod. Water flows through tubes connected with SS
Swagelok fittings, and this assembly is attached to a SS flange coupled to the chamber with an
o-ring. This SS flange also has attachments for a thermocouple to monitor substrate temperature
as well as two ports for rough pump attachment. Detailed drawings for these components can
be found in Appendix D.
While this system can accommodate several types of cooling liquids and sources (e.g.
building-supplied chilled water mixture or standalone circulating bath), we incorporated an
existing water circulator (NESLAB EX-250HT) that was capable of pumping water at ∼0.4
LPM. As this circulator does not have chilling capabilities, substrate temperature is controlled
by changing the temperature of the water in the bath using ice and/or modulating the water flow
rate.
An important detail of this design was determining how far the substrate should be inserted
into the furnace/chamber. Based on our experience with the prototype design, it was clear that
the axial location of the substrate could impact both the temperature of the gas impinging on the
substrate as well as how much sublimed material vapor would have already begun condensing
on the walls of the chamber. In order to maximize our material utilization efficiency and keep
41
Figure 4.8. Design for water-cooled substrate holder. (a) 3D CAD model showing substrate
holder situated inside of quartz furnace. (b) Picture of substrate holder with substrate clips
visible. (c) 3D model close-up highlighting detachable Cu substrate plate and SS/Cu weld on
SS/Cu cylinder. (d) 3D model of inner cooling channels and schematic of water flow (blue line)
inside of SS/Cu cylinder. Part numbers are as follows: (1) detachable Cu plate with clips to hold
substrate in place, (2) interfacing welded Cu plate for improved heat transfer, (3) SS cylinder
with internal cooling channels, (4 and 8) 1/4” SS Swagelok couplings, (5) flexible PTFE tubing
for water inlet and outlet, (6) SS support rod, (7) welded pipe clamp to hold SS rod, (9) rough
vacuum attachment ports, (10) SS flange with o-ring to seal to quartz chamber.
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the chamber as clean as possible, we sought to promote preferential deposition on the substrate
as opposed to the chamber walls. As such, our aim was to locate the substrate holder far enough
into the chamber that minimal material would condense prior to reaching the substrate.
Based on the observed correlations between substrate temperatures and deposition regions
for SnI2 and MAI shown in Figure 4.4, as well as the axial temperature profile of the CGAVD
system, the graph shown in Figure 4.9a was constructed. Using this graph, we can see that for
an oven temperature of 220 °C,7 SnI2 and MAI deposition occur after about∼31 inches.8 To be
conservative, we chose to position the surface of the substrate at 27.5” aft of the furnace inlet,
which is equivalent to 1.5” prior to the end of the heated zone of the furnace, denoted by the
dashed purple line in Figure 4.9.
Using this geometric positioning, we then modeled the temperature of the substrate holder
inside the furnace operating at 220 °C using COMSOL. Figure 4.9b shows the result of this
7220 °C was used as the furnace setpoint temperature for this design decision because it is the lowest and thus
most conservative operating condition. At higher furnace set point temperatures, materials would begin to condense
at an axial position even farther past the substrate holder.
8Zero inches corresponds to the location of the furnace inlet.
Figure 4.9. Determination of axial position of water-cooled substrate holder. (a) Graph show-
ing the axial temperature profile in the chamber as well as the spatial regions of SnI2 and MAI
deposition for a furnace temperature of 220 °C. 27.5” was chosen for the axial position of the
surface of the substrate holder in order to minimize material deposition prior to this position.
This is equivalent to 1.5” prior to the end of the heated zone of the furnace, denoted by the
dashed purple line. (b) FEA analysis confirming effective cooling of this design, where the
surface of the substrate holder is ∼30 °C for ∼0.4 LPM, 25 °C cooling water flow and 220 °C
oven temperature.
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calculation, where the furnace temperature, cooling water flow rate (∼0.4 LPM), and cooling
water temperature (25 °C) were used as boundary conditions. Based on these results, it ap-
pears that this design would achieve substantial cooling, with the surface of the substrate holder
reaching ∼30 °C.
The cooling efficacy of this design was also tested experimentally. Figure 4.10 shows the
measured temperature on the surface of the substrate holder as a function of time at various
furnace temperatures. Initially, the room temperature furnace heats to a setpoint of 100 °C
over about 30 minutes. Without cooling water flowing, the surface of the substrate holder also
increases to ∼100 °C and plateaus. Then, when the cooling water is turned on, the temperature
of the substrate holder surface drops quickly (in ∼5 minutes) to ∼15 °C (the temperature of
the cooling water). Subsequent increases in furnace temperature to ∼300 °C and then ∼400 °C
result in only minor increases in substrate temperature, confirming that this design allows us to
effectively cool substrates even at hotter-than typical operating temperatures.9
Another important design goal for this substrate holder was to minimize temperature gra-
dients across the surface in order to promote even deposition across the substrate and thus
minimize lateral thickness and compositional gradients in our films. Figure 4.8d shows the
cooling channel design inside of the SS/Cu cylinder, which is configured to promote even water
9These tests were performed with chamber pressures at 760 Torr to be conservative. Typical deposition pressures
will be substantially lower than room pressure, and thus the convective heat transfer between the hot chamber gas
flow and the susbtrate will be much lower than in this test.
Figure 4.10. Experimental test
of cooled substrate holder effi-
cacy, performed at 760 Torr. The
room temperature furnace and
substrate holder heat to a setpoint
of 100 °C over about 30 minutes.
When the ∼15 °C cooling water
is turned on, the temperature of
the substrate holder surface drops
quickly; subsequent increases in
furnace temperature up to 400 °C
result in only minor increases in
substrate temperature.
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Figure 4.11. (a) Simulated and (b) experimental temperature variations across the substrate
holder surface, showing good agreement between experiment and simulation and less than ∼7
°C variation in the central region that would be in contact with substrates.
circulating and cooling across the entire substrate holder. In order to assess the effectiveness
of this channel design, I also performed FEA analysis on this component. Using the cooling
channel geometry shown in Figure 4.8d and applying the thermal boundary conditions based on
previous studies of the oven temperature, we arrive at the FEA simulated variation in surface
temperature depicted in Figure 4.11a. We observe a less than 10 °C variation in temperature
across the entire substrate holder surface, and less than∼7 °C in the central region that would be
in contact with substrates. This result was validated with experimental measurements, shown in
Figure 4.11b, which demonstrate similar absolute temperature values as well as variation across
the surface of the substrate holder.10
4.3.4 Enclosure
One challenge identified early-on in the validation of the CGAVD system was the limitations
imposed by having to load and unload source powders and thin films in ambient conditions.
Especially during humid months, water would visibly condense on films that were being un-
loaded from the chamber, which would immediately ruin them due to the water-solubility of
typical MHPs. To protect our films and powders from degradation due to moisture and oxygen,
10The lateral variation of substrate temperature as a function of flow rates/chamber pressures was not explored,
and additional simulations and/or experimental measurements would need to be performed to assess this.
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as well as to improve lab safety by providing a physical barrier between people and toxic MHP
materials, we built an N2 enclosure for the CGAVD system. Many iterations of this design were
considered, but the final design functions very similarly to a nitrogen glove box.
Figure 4.12 shows the design of this enclosure, which is comprised of aluminum x-track
framing and clear acrylic panels. For ease of cleaning and maintenance, several of these panels
(shown in green in Figure 4.12) are easily removable. Both source and substrate sides have
small doors and gloves ports for loading and unloading items, and the chamber is sealed with a
series of foam gaskets and caulking. House nitrogen supplies the atmosphere and the enclosure
is connected to the building exhaust. Detailed drawings for custom components can be found
in Appendix D.
Figure 4.12. Design of N2 enclosure design for CGAVD system to prevent water and oxygen
contamination and protect users from toxic MHP materials. (a) Conceptual design, showing
major structural components including x-track framing and acrylic panels, as well as the seal-
ing and attachment mechanisms between panels. Green panels denote those that can be removed
easily for cleaning and/or maintenance, and blue panels are those that are fixed in place. This
color scheme is also shown in (b), which shows the overall system design and dimensions. Cir-
cular ports in (b) correspond to the location for glove attachment. (c) Picture showing enclosure
(before glove assembly).
4.4 Validation and Verification
After designing and building the 4-source CGAVD with water cooled substrate, we sought to
validate its performance against the success criteria outlined in Section 4.1. This validation
occurred in two major steps. The first (Section 4.4.1) was the development of an analytical
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model to describe the transport mechanisms in our system, which is necessary to understand
how different experimental variables will impact deposition rates. This systematic and informed
approach is particularly important for our system given its vast parameter space. For instance,
as we will show in the following sections, a combination of low Ti and high V̇CG,i during
deposition can cause deposition rates to depend on the source material surface area, which is
difficult to control and thus can introduce significant run-to-run variation. The second phase
of validation (Section 4.4.2) involved experiments to validate this analytical model and explore
how well it performed against the success criteria.
4.4.1 Derivation of Analytical Deposition Rate
In order to harness the full potential of CGAVD, a detailed understanding is needed of how
changes in system pressures, temperatures, and flow rates impact film deposition rates. Fol-
lowing Shtein et al. [234], we develop in this section an analytical model of mass transport in
CGAVD for the unique case of co-deposition of MHP precursors. We then discuss simplifica-
tions relevant to our system and identify specific operating regimes that will lead to robust and
repeatable film growth. Note that all derivations here assume steady-state operation.
Table 4.1 contains the important variables required for the derivation of material deposition
rate, as well as typical values for these quantities for the depositions described in this thesis.
These variables are sorted into four categories for ease of understanding: the independently
controllable experimental parameters, fit parameters, known and/or fixed quantities, and calcu-
lated/intermediate quantities.
Variable Description Typical Values Unit
Six independently controllable experimental parameters
Ti source material temperature for species i 375–600 K
Tg temperature of gas in chamber at substrate 500–600 K
Ts substrate temperature 5 - 80 °C
V̇CG,i carrier gas flow rate for species i measured @
mass flow controller 11
3E-8–2E-7 m3/s
V̇DIL dilution gas flow rate measured @ mass flow
controller
0–4E-6 m3/s
11i.e. ambient pressure measurement
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P chamber pressure during deposition 40–1400 Pa
Fit parameters
∆Hsi sublimation enthalpy of source material i 8E4 – 2E5 J/mol
C1,i material specific constant from integrating the
Clausius-Clapeyron equation to calculate equi-
librium vapor pressure
10 – 1000 Pa
C2,i constant from integrating the Clausius-
Clapeyron equation to calculate equilibrium
vapor pressure
400 – 700 K
C3,i constant relating boundary layer thickness and
Reynolds number
∼0 m
Known and or Fixed Parameters
R universal gas constant 8.314 J/mol*K
ASH cross-sectional area of substrate holder 0.0032 m2
Achamb cross-sectional area of chamber 0.0046 m2
Mi molar mass of source material i 0.1–0.4 kg/mol
MN2 molar mass of nitrogen gas 28.014E-3 kg/mol
ρi source material density variable kg/m3
P0 standard pressure 101325 Pa
T0 standard temperature 293.15 K





σi22 average collision diameter ∼5 Å
Ωi temperature dependent collision integral ∼1 [244] unitless
Calculated and/or Intermediate Quantities
rdep,i deposition rate of material i 0.05–5 Å/s
rconv,i rate at which the source material is convectively
transported from the source
∼rdep,i mol/s
rdiff,i rate at which the source material diffuses
through the boundary layer of thickness δ at the
surface of the substrate
→∞ mol/s
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ri flux rate of species i at the surface of the sub-
strate
1E-6–1E-8 mol/s
Di diffusivity of vapor in carrier gas 1E-4 m2/s
δ velocity boundary layer thickness 12 →∞ m
ConcBL,i concentration of sublimed source material va-
por in carrier gas at boundary layer interface
variable mol/m3
V̇CG,i,ch carrier gas flow for species i at deposition pres-
sure
1E-4–2E-3 m3/s
V̇DIL,ch dilution gas flow rate at deposition pressure 0–3E-2 m3/s
V̇total,ch Total gas flow rate 13at deposition pressure 1E-4–4E-2 m3/s
V̇total Total gas flow rate 14 at ambient pressure 3E-8–5E-6 m3/s
Pi,eq source material equilibrium pressure @ source
material temperature
variable Pa
Pi source material vapor pressure in ampoule variable Pa





TBL gas temperature of the boundary layer relevant
for diffusion across the boundary layer
Ts <TBL <Tg K
Re Reynolds number 0.1–10 unitless
v flow velocity 0.01–0.5 m/s
Table 4.1: Variables used in deposition rate derivation along with typical values for the experi-
ments reported herein.
Single Material Deposition Rate Derivation
The deposition rate of material i (rdep,i) on the substrate will depend both on the flux of material
that reaches the surface of the substrate (ri) and the rate that molecules stick and unstick to
the substrate (often referred to as the “sticking coefficient”). The sticking coefficient is quite
12of normal, columnated flow impinging on substrate
13ΣV̇CG,i,ch + V̇DIL,ch
14ΣV̇CG,i + V̇DIL
15relevant for the diffusion across the velocity boundary layer driven by the source material concentration gradient
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challenging to parametrize analytically, as it depends on Ts and the surface properties of the
film, including any reactions with other species. To capture the most general case, we can write
rdep,i =ri ∗ f (Ts, film surface properties, rxns) (4.1)
For the purposes of this derivation, we will assume rdep,i ≈ ri, i.e. that the sticking coefficient
is near unity. We have found through subsequent experiments that this assumption is true for
cold substrate temperatures (less than ∼25 °C). Thus, the following derivation will focus on
determining an analytical expression for ri.
The rate that source material molecules reach the surface of the substrate (ri) depends on
the rate at which the source material is convectively transported16 from the source (rconv,i) and
the rate at which the source material diffuses through the boundary layer of thickness δ at the
surface of the substrate (rdiff,i). Figure 4.13 depicts schematically these transport regions. As

















We will treat each of these quantities (rdiff,i and rconv,i) separately, starting with rconv,i.
Assuming steady state operation and conservation of mass in the chamber, rconv,i is equal to
the rate of source material flux out of the source material ampoule. For ideal gas behavior
16i.e. carried along with the bulk gas flow through the chamber
Figure 4.13. Regions of convective and
diffusive transport of sublimed material va-
por in CGAVD where the substrate is per-
pendicular to the gas flow. Convective
transport carries the vapor from the source
to the substrate boundary layer, diffusive
transport occurs across the boundary layer
(thickness δ).
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relevant for these temperatures and pressures, this quantity depends on the source material vapor
pressure in the ampoule (Pi), the temperature (Ti), and the carrier-gas flow rate in the ampoule
(V̇CG,i,ch):




Here, V̇CG,i,ch is the volumetric carrier gas flow rate at the chamber pressure P; it is related to
the measured volumetric carrier gas flowrate controlled by the mass flow controllers 17 by:






Within the source material ampoule at steady state, the convective rate of transport of ma-
terial out of the ampoule (rconv,i) must be in balance with the relative rates of source material
evaporation (revap,i) and condensation (rcond,i):
rconv,i = revap,i − rcond,i (4.6)
where revap,i depends on the equilibrium vapor pressure (Pi,eq), and a kinetic factor of evapora-
tion (kevap,i):
revap,i = kevap,i ∗ Pi,eq (4.7)
Similarly, rcond,i depends on the actual vapor pressure in the ampoule (Pi), and a kinetic
factor of condensation (kcond,i):
rcond,i = kcond,i ∗ Pi (4.8)
Combining Equations 4.4 and 4.6-4.8, we get






Equation 4.9 describes the relationship between the equilibrium vapor pressure of source ma-
terial i and the actual vapor pressure in the source material ampoule. The higher the source
17i.e. the flow rate measured outside of the chamber @ ambient temperature and pressure
51
material temperature, the closer these two quantities will be.
Integrating the Clausius-Clapeyron relation,18 we can describe the equilibrium pressure of










where C1,i, C2,i, and ∆Hsi are material-specific constants. Combining Equations 4.4, 4.5, 4.9,
and 4.10, we arrive at a final analytical expression for the rate of material convection out of the




















In this equation, we can observe that there are four of the six experimentally controllable param-
eters: V̇CG,i, Tg, P, and Ti. Additionally, as V̇DIL and be used to impact the chamber pressure
P, this variable is also implicitly contained in Equation 4.11.
Now we turn our attention to deriving an expression for rdiff,i. The diffusive flux of material
i across a boundary layer of thickness δ will be driven by the concentration gradient across the





If we assume a sticking coefficient of ∼1 (reasonable for cold substrate temperatures), we
implicitly assume that the concentration of source material vapor at the substrate surface is zero,
so ∆Ci → ConcBL,i. Thus the rate of diffusion of species i across the substrate holder surface
area (ASH ) can be written as




The source material concentration at the boundary layer (ConcBL,i), is equal to the concen-
tration of source material leaving the ampoule (Pi/RTi), multiplied by the flow dilution ratio
(ratio of carrier-gas to total N2 flow):








We can express the diffusion coefficient Di using Chapman-Enskog theory [244]19 (vari-









Note that the temperature (TBL) and pressure (PBL) in Equation 4.15 are the temperatures
and pressures relevant for diffusion across the boundary layer. TBL is bounded by the chamber
temperature (Tg) and the substrate temperature (Ts): Ts < TBL < Tg, and PBL is bounded by
the deposition pressure and the stagnation pressure given by the Bernoulli eqn: P < PBL < P +
1
2ρv





and ρ = density of chamber gas = PTg
MMN2
R . For




















The viscosity of gasses at these pressures is relatively independent of pressure but depends









Here µ0, T0, and β are constants tabulated for a specific gas. Rearranging and consolidating,
we get
19Hirschfelder et al. apply Chapman-Enskog theory to binary mixtures of gases to determine this first-order
approximation for diffusion rate [244]. Notably, while this approximation may vary as a function of the molecular
weights, mole fractions, and viscosities of the mixture components, we find that these approximations have no
















































Now that we have expressions for both rconv,i (Equation 4.11) and rdiff,i (Equation 4.20),
plugging these into Equation 4.3 will yield a full description of the flux of a species i onto
the surface of the substrate (ri). If the sticking coefficient is unity, this will correspond to the






For co-deposition, where two precursors A (e.g., MABr) and B (e.g., SnBr2) are deposited
simultaneously and react to form a perovskite on the substrate,20 the flux rates for each precursor
can be converted to a deposition rate for the perovskite. If the flux rates are equal, then the
number of moles of perovskite reaching the surface of the film are the same as the flux of the
precursor:
rA(mol/s) = rB(mol/s) = rperov(mol/s) (4.23)
20for the tin perovskites discussed in this work, the precursors react when co-deposited without the need for an
extra annealing step, even at cold substrate temperatures of ∼5 °C.
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If we assume a sticking coefficient of 1 and a 100% reaction rate, we can convert this to Å/s





However, if the molar fluxes are not equal (i.e., rA 6= rB), we can envision two limiting cases
for the total film deposition rate:
1. Minimum Flux Limited
In this case, the excess precursor is rejected from the film, and the molar deposition rate
of the perovskite is equivalent to the minimum molar flux of the two precursors:
rperov(mol/s) = min(rA, rB) (4.25)
and





If the excess precursor is not rejected, the total deposition rate will be the sum of the
perovskite deposition plus the deposition of the excess precursor phase:
rdep,perov(Å/s) = min(rA, rB)
1010Mperov
ρperovAchamb




Interestingly, we observed both of these cases using CGAVD and found that whether the
deposition was minimum flux limited or included the total flux depended on the substrate tem-
perature (See Section 4.4.2).
Simplifications for Depositions Reported Herein
There are two major simplifications that apply to the depositions reported herein, which are
based on both theoretical and experimental observations, and that greatly simplify the overall
analytical expression for deposition rate used throughout this thesis:
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1. Diffusion across boundary layer is not rate limiting (i.e. ri ≈ rconv,i)
For laminar, large Reynolds number (Re) flows (500<< Re<< 2000), diffusion through
the momentum boundary layer can be a rate limiting factor, and must be taken into ac-
count to accurately model deposition rates [245]. At the pressures and flow rates used
in this study, however, Re << 500 (see Figure D.2), and the momentum boundary layer
does not have a significant impact on the overall deposition rate. In other words, ri ≈
rconv,i.
This relative unimportance of diffusive transport in this technique is quite convenient
because it means that the radial nonuniformities in boundary layer thickness—that exist
for typical stagnation flow normal to a flat plate—will not result in a significant variation
of deposition rate across the substrate. This relaxes the need for a rotating substrate holder
to achieve uniform film thickness.
Indeed, later experiments confirm this simplification in two ways. First, fitting our data
including the diffusion term, we found that C3,i → 0 and consequently rdiff,i → ∞
for all i reported herein. Second, this is corroborated experimentally by the remarkable
thickness uniformity we observe across our substrates (Section 4.4.2).
2. Operating in ”equilibrium regime” (i.e. Pi ≈ Pi,eq)
Equation 4.9 implies two limiting regimes of deposition, as described in detail by Shtein
et al. [234]. In the ”equilibrium” regime, source temperatures are high and carrier gas
flow rates are low, and the vapor pressure in the ampoule is close to equilibrium. In
this case, V̇CG,i,chamb/RTi → 0 and kevap,i ≈ kcond,i. In the ”kinetic regime,” sublimed
source material is carried out at a rate high enough that equilibrium cannot be established.
In an extreme case, sublimation is so slow that every sublimed molecule is immediately
swept out of the ampoule, and Pi → 0. In this kinetic regime the deposition rate then
depends on the surface area of source material in the ampoule via kevap,i and kcond,i. A
schematic depiction of these two regimes can be seen in Figure 4.14. As the surface area
of source material powder is difficult to control, it is desirable to avoid the kinetic regime
all together, such that Pi ≈ Pi,eq.
Using these two simplifying assumptions, we can re-write Equations 4.3 and 4.11 to de-
scribe the expected deposition rate of a material i in our CGAVD system:
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Figure 4.14. Deposition rate as a function
of carrier gas flow rate and source temper-
ature for equilibrium and kinetic regimes.
Operation in the equilibrium regime (i.e.,
high source material temperature, low car-
rier gas flow rate) is desirable as the depo-
sition rate is independent of source mate-
rial surface area. In the kinetic regime, the
source material vapor pressure is far be-
low its equilibrium pressure, and as such


















Validation of Analytical Deposition Rate Model
Individual Precursor Materials
To validate and calibrate the model in Equation 4.28, neat films of MABr, MAI, SnBr2, and
SnI2 were deposited at a variety of source material temperatures (Ti) and carrier gas flow rates
(V̇CG,i), while keeping the pressure, furnace temperature, and substrate temperature constant
(P = 2.6 Torr, Tg = 220 °C, Ts = 15 °C).
The first thing we needed to understand was what temperatures and flow rates corresponded
to equilibrium and kinetic regimes for each source material. As discussed in Section 4.4.1, this
is important because operating in the equilibrium regime is likely to result in better ability to
control deposition rate and more repeatability between growths. An example of the deposi-
tion data collected as a function of carrier gas flow rates and source material temperatures can
be seen in Figure 4.15 for SnBr2. Here, we can see that the behavior of deposition rate with
increasing carrier gas flow rate is drastically different for two different source material temper-
atures (TSnBr2 = 241 °C and 221 °C). For TSnBr2 = 221 °C, rSnBr2 stays relatively constant
(or perhaps slightly decreases) with increasing carrier gas flow rates between 5 sccm and 200
sccm. This would imply that these depositions occurred in the kinetically limited regime, as
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Figure 4.15. Experimental deposition
ratesa for SnBr2 taken at two source
temperatures TSnBr2 = 241 °C and
221 °C, and various carrier gas flow
rates 5 sccm < V̇CG,SnBr2 < 200
sccm. The deposition rate for TSnBr2
= 241 °C increases until 100 sccm, in-
dicative of equilibrium regime opera-
tion. Conversely, the deposition rate
only decreases with increasing carrier
gas flowrate for TSnBr2 = 221 °C, in-
dicative of the kinetic regime.
acalculated by taking measured film thick-
ness / deposition time
shown schematically in Figure 4.14. However, for TSnBr2 = 241 °C, the deposition rate in-
creases with increasing carrier gas flow rate until 100 sccm, thus implying that these datapoints
are in the equilibrium regime. The rollover in deposition rates after 100 sccm for TSnBr2 = 241
°C denotes transition into the kinetic regime.
After determining the equilibrium regime for each material, we can then repeat this type of
experiment to can map out a 3D space of ri vs. V̇CG,i vs. Ti. These data were used fit Equation
4.28. Experimental data and fit surfaces are shown in Figure 4.16 for MABr, MAI, SnBr2,
and SnI2.21 With this fit, we are able to extract the enthalpy of sublimation, ∆Hsi . Shown in
Table 4.2, these fit values agree well with available reported values, providing evidence that
our analytical deposistion rate model describes the physical behavior of our system. Given this
validation, we can then continue to use this analytical model to help predict deposition rates
inside the equilibrium regime to inform our experimental plans.
Co-deposition
In addition to mapping out how individual precursor deposition aligns with our analytical
model, we also wanted to probe the behavior of co-deposition of multiple precursor materials.
Indeed, a fundamental difference between the use of CGAVD for organic molecules and its use
for metal halide perovskite materials is the possibility that the perovskite precursor materials
will react with each other at the surface of the film. Section 4.4.1 outlines two potential cases
21It should be noted that 3D surface fitting was used because it produced more unique fit results than individually







MABr 83 [79, 85] 78 - 105 [246]
MAI 104 [91, 115] 105 [247]
SnBr2 140 [126, 155] 135 [246]
SnI2 180 [175, 186] 140 - 172 [246, 248]
Table 4.2: Enthalpies of sublimation
for MABr, MAI, SnBr2, and SnI2
extracted from fitting experimentally
measured deposition rates to Equation
4.28. Square brackets correspond to
95% confidence intervals. No value
for ∆HsMABr could be found in the




the value for MABr.
Figure 4.16. Deposition rate data and fits of Equation 4.28 with corresponding fit parameters
and 95% confidence intervals [in brackets] for (a) MABr; (b) MAI; (c) SnBr2; and (d) SnI2.
Deposition rate was measured experimentally using ellipsometry. Fits were done with a non-
linear least-square fit of Equation 4.28 in Matlab. Data shown here is for P = 2.6 Torr.
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that can occur during co-deposition. The first is that only material that is incorporated into the
MHP lattice will stick the the substrate. In this ”minimum flux limited” case, the rate of MHP
deposition will then depend solely on the precursor with lower flux at the substrate surface.
Further increasing the component with excess flux would then have no impact on the total MHP
deposition rate. In the other case, 100% of the precursor vapor reaching the substrate will stick.
For imbalanced flux rates, this implies that there may be multiple phases present in the film:
MHP and excess precursor.
For co-depositions involving two materials (denoted A and B), the ratio rA/rB represents the
ratio of precursor species available to react and form the perovskite at the substrate/film surface.





























Equation 4.29 implies that changes in film stoichiometry during co-deposition of compo-
nents A and B can be realized through changes in V̇CG,A, V̇CG,B TA and/or TB . To simplify
our analysis, we can also define the normalized precursor excess ratio, or ”r-ratio”, rA,B:
rA,B = (rA − rB)/min(rA, rB) (4.30)
where rA,B = 0 indicates equal molar fluxes of species A and B, a negative value indicates
excess metal halide (e.g., SnBr2) and a positive value indicates excess organic halide (e.g.,
MABr).
Following Equation 4.30, we performed a series of experiments to tune the excess precur-
sor ratio between MABr and SnBr2 by changing V̇CG,i and Ti (i = MABr, SnBr2). Deposi-
tion conditions for these films and XRD patterns are shown in Figure D.3. The phase purity
of the films is calculated using the diffraction peak intensity of three different components:
MASnBr3 (perovskite), MABr, and SnBr2. The XRD peak intensity ratios IMABr/IMASnBr3
and ISnBr2 /IMASnBr3 are calculated by dividing the largest excess precursor (i.e., MABr or
SnBr2) XRD peak intensity with that of the MASnBr3 (100) peak (at 2θ=17.5°). Films are
deemed ”stoichiometric” if there are no observable diffraction peaks from MABr or SnBr2.
Initial experiments were carried out at cold substrate temperatures (Ts ∼15 °C) in order
to promote a high sticking coefficient. Interestingly, during these growths it was observed that
there was a small window of non-zero rMABr,SnBr2 which resulted in stochiometric films; i.e.
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even without perfectly balanced precursor fluxes, no excess precursor peaks were observed
in the XRD patterns. At larger values of of rMABr,SnBr2 , however, visible diffraction peaks
from MABr or SnBr2 were observed. This result would indicate that there are some deposition
conditions in which the deposition could be minimum flux limited, but perhaps other conditions
in which excess material flux would indeed stick to the substrate and become incorporated into
the films.
To investigate this further, MASnBr3 depositions were carried out at a variety of substrate
temperatures Ts. Figure 4.17 shows that the range of rMABr,SnBr2 which results in stoichio-
metric films depends strongly on Ts. For low Ts of 15–20 °C, an imbalance of precursor
fluxes results in stoichiometric films for -0.3 < rMABr,SnBr2 < 0.3. This window increases
for warmer Ts of 25–30 °C, where stoichiometric films are formed up to flux imbalances of -0.7
< rMABr,SnBr2 < 0.7. For Ts > 35 °C, this range extends further, such that a flux imbalance of
-1 < rMABr,SnBr2 < 1 still results in a stoichiometric film. This result suggests that MASnBr3
films grown using CGAVD have a self-correcting window in the sense that the surface adsorp-
tion and reaction probabilities of MABr and/or SnBr2 adjust to balance their net incorporation
rates into the film. This relaxes the need to balance the precursor fluxes exactly in order to
deposit phase-pure MASnBr3 films. An example of the XRD patterns for Ts = 15 °C films can
be seen in Figure D.3.
To further confirm this result, we can compare the measured deposition rates for phase-
pure films in the ”min flux limited” regime with deposition rates predicted using Equation 4.27.
Figure 4.18 shows these calculated and measured deposition rates. Interestingly, deposition
Figure 4.17. Impact of Ts on stoichio-
metrically ”self-correcting” window for
MASnBr3 films on quartz. For low Ts
of 15–20 °C, an imbalance of precursor
fluxes results in non-stoichiometric films
for |rMABr,SnBr2 | > 0.3. This win-
dow increases for warmer Ts of 25–30 °C
where stoichiometric films are formed for
|rMABr,SnBr2 | < 0.7. For Ts > 35 °C, this
range extends further, such that a flux im-
balance of 100% for either SnBr2 or MABr
still results in a stoichiometric film.
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rates calculated including total precursor fluxes (Equation 4.27) greatly overestimate the mea-
sured values, whereas excluding excess precursor flux (Equation 4.26) results in a calculated
deposition rate that agrees well with experiment. This good agreement is further evidence of
the stoichiometrically self-correcting behavior of MASnBr3 deposited using CGAVD. Further-
more, Figure 4.18 shows that substrate temperatures between 30 and 70 °C have a minimal
effect on deposition rate, allowing the us to independent tuning Ts and ri.
Figure 4.18. Measured and calculated de-
position rates corresponding to stoichio-
metric MASnBr3 fimls. Measured depo-
sition rates agree well with calculated val-
ues when excess precursor flux is excluded
(Equation 4.26). Calculated deposition
rates that include total flux of both precur-
sors significantly overestimates deposition
rate—indicating that excess precursor flux
is rejected during MASnBr3 film formation
using CGAVD.
CGAVD System Performance Relative to Success Criteria
In addition to validation our analytical model using our final CGAVD setup, we also wanted
to assess its performance against the success criteria outlined in Section 4.1. Here, we briefly
discuss the achievements we have made relative to these criteria, highlighting successes in green
and ongoing tasks in orange.
X Enable the deposition of common organic- and metal-halide MHP precursors
Throughout this thesis, we have demonstrated the successful deposition of SnI2, SnBr2,
MAI, and MABr. We have also used this system to deposit other materials like phenethy-
lammonium iodide (PEAI), tris(4-carbazoyl-9-ylphenyl)amine (TCTA), and perylene-
3,4,9,10-tetracarboxylic dianhydride (PTCDA). While have only recently begun deposit-
ing lead-halide precursors with the help of another graduate student in the Holmes group,
Wan-Ju Hsu, these preliminary experiments are promising and have shown the successful
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deposition of PbI2 films. Overall, our extensive depositions have shown that this tech-
nique is capable of succesfully depositing a wide range of organic, organic halide, and
metal halide precursor materials.
X Allow sequential or co-deposition
This is enabled by the 4-source setup described in Section 4.7. While we have used
sequential-deposition in limited cases, the majority of the depositions in this thesis work
were done with co-deposition.
X Enable fine control of the flux ratio
The ability to independently tune the source material temperature Ti and source material
carrier gas flow rate V̇CG,i resulted in effective tuning of flux ratios across a wide range.
This enabled the tuning of r-ratio depicted in Figure 4.18, as well as the tuning of film
stoichiometry and morphology discussed in detail in Chapter 5.
X Allow access to a wide range of film stoichiometries and morphologies
Substantial ranges in film stoichiometries and morphologies were achieved using this
system, as described in detail in Chapter 5. For example, we successfully tuned the
average grain area of MASnBr3 films from ∼ 0.001 to > 0.7 µm2.
X Yield films with lateral uniformity in thickness, stoichiometry, and morphology
Given that our design does not include substrate rotation, we initially thought there may
be substantial lateral variations in our films. As such, over the course of this thesis work,
many checks were made to measure the lateral uniformity of our films (over∼1 cm length
scales) using techniques like XRD, AFM, SEM, XPS, ellipsometry, optical microscopy,
and absorption. Excluding growths where a specific issue occurred, like a substrate lifting
off of the substrate holder during deposition, we found remarkable lateral uniformity in
stoichiometry, thickness, and morphology, for our films across∼cm length scales. Figure
4.19 shows typical examples of these measurements. In Figure 4.19a, lateral stoichio-
metric consistency of MASnI3 is demonstrated for a film deposited on a patterned ITO
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substrate, where each location corresponds to a separate 1mm ITO contact. Nearly iden-
tical XRD patterns on these four locations suggests compositional uniformity across this
film. Figure 4.19b shows the thickness of a MASnBr3 film measured across a 2x2 cm
area using ellipsometry. In this 2x2 cm square, which is the largest substrate our system
can accomodate, thickness varies by less than 10%. Figure 4.19c shows an example SEM
image for a MASnBr3 film, where the morphology pictured here is representative across
the cm-scale substrate. Overall, our extensive measurements have confirmed that we can
achieve a high degree of laterial uniformity in MHP film stoichiometry, thickness, and
morphology across cm length scales using our CGAVD system.
Figure 4.19. Examples of data showing lateral uniformity for MHP films grown in CGAVD.
(a) XRD measurement taken at 4 different locations on a MASnI3 film, showing nearly identical
diffraction patterns. Each location corresponds to a 1 mm wide ITO contact. X-ray diffraction
was collected using a Bruker D8 2D diffractometer with Co Kα radiation (λ=1.7889 Å). (b)
Thickness measurements across a 2x2 cm MASnBr3 film on Si using ellipsometry. (c) SEM
image of MASnBr3 showing morphological uniformity that is representative of the morphology
observed across cm length scales by translating the substrate.
? Minimize growth-to-growth variation
One of the biggest challenges I’ve had throughout my thesis work is associated with
growth-to-growth variations using this CGAVD system. As described in Section 4.3.1,
our setup does not include active thickness monitoring, and instead relies on predicted
deposition rates using Equations 4.28 and 4.26. While these equations are useful to pre-
dicting ball-park deposition rates, we have found that our experimental deposition rates
tend to vary significantly between depositions with identical deposition parameters (see




MASnI3 films on glass using the
exact same deposition pressures,
temperatures, and flow rates.
Note that all four growths were
performed in the same week and
using the same source material.
X-ray diffraction was collected
using a Bruker D8 2D diffrac-
tometer with Co Kα radiation
(λ=1.7889 Å).
We hypothesize that these inconsistencies are due to a variety of factors. The first is
chamber fouling/contamination due to material being deposited on the chamber walls
from previous growths: we have seen cases where a deep chamber clean reduces the
stoichiometric variation between growths. As such, deep cleans were done on a routine
basis in order to minimize this issue. It is recommended going forward that growths for
devices are done immediately after a deep chamber clean.22 The second potential source
of variations between growths is differences in source material mass/morphology. While
we have attempted to perform all depositions in the equilibrium regime where source
material surface area does not dictate the equilibrium vapor pressure in the ampoule, we
have observed that substantial differences in the starting mass of source material (e.g.
100 mg vs. 50 mg) have a significant impact on deposition rate. It is possible that there
is a lower limit to acceptable source mass below which an equilibrium vapor pressure
cannot be established, so care should be taken to ensure there is sufficient and relatively
consistent source material mass between runs. Furthermore, it has been observed that
for some materials like SnBr2, the visual color and appearance of the powder changes
after a deposition. It is unknown how much this morphology impacts deposition rate, and
therefore whether the use of one source for multiple runs will impact the deposition of that
material. Finally, due to the non-linear temperature gradient established by the furnace,
different source material holders (e.g. MAI and SnI2) experience different temperature
22Chamber cleaning procedures are documented in the CGAVD SOP stored on the Holmes Group Drive.
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gradients across their∼1 cm length. As such, the material at the end of the source material
holder may see a significantly different temperature than the material at the beginning
of the source material holder, which could have a substantial impact on deposition rate
depending on how full the source material holder is. To solve the issues with source
material area, morphology, and temperature, I recommend to design and implement an
actively heated source material holder, as described in Section 8.2.4.
Chapter 5
Controlling MHP Film Morphology
and Stoichiometry Using CGAVD
It is widely acknowledged that MHP film quality and morphology strongly impact device per-
formance, as film microstructure can influence charge recombination and collection, shunting
pathways, and ion migration kinetics [6, 140, 188, 211, 215, 246, 249–252]. However, there is
still much to understand regarding the interplay between synthesis conditions, film microstruc-
ture, and the resulting optoelectronic properties. For example, the impact of grain boundaries
on non-radiative recombination rates is still an area of debate [198, 214, 253, 254]. The ability
to grow films with a wide range of morphologies can enable new insight into these process-
property-performance relationships. In this chapter, we take advantage of the high tunability
of the CGAVD system described in Chapter 4 to grow films of widely varying stoichiometries
and morphologies.1 We also demonstrate our ability to grow MHP films on a variety of sub-
strates and explore how stoichiometry can impact the resistivity, carrier density, and mobility of
MASnI3 films.2
1Additional experimental details found in Appendix E.




5.1 Stoichiometric Impact on Morphology
Figure 4.17 in Chapter 4 shows that at sufficiently high substrate temperatures (Ts), there is
a range of precursor fluxes that can result in a stoichiometric film, even when the ratios of
precursor fluxes are different than stoichiometric. In characterizing films used to construct
Figure 4.17, we observed a substantial change in film morphology associated with changing
r-ratios according to Equation 4.30. As a reminder, r-ratio (rA,B) denotes the normalized excess
precursor flux ratio of precursors A and B: rA,B = (rA-rB)/min(rA,rB),3 and thus is a measure
of how stoichiometrically balanced the precursor fluxes are at the surface of the substrate. An
example of the XRD patterns showing these excess precursor phases for the films grown at Ts
= 15 °C can be found in Figure 5.1. The corresponding morphologies we observed are shown
in Figure 5.2a-f, where films in a-c contain excess MABr, film d is stoichiometric, and films in
e-f contain excess SnBr2. Qualitatively, films containing excess MABr or excess SnBr2 phases
exhibit non-ideal microstructures: MABr-rich films (a-c) have large grains but also incomplete
coverage with domains that appear to be perovskite grains surrounded by excess MABr. SnBr2-
rich films exhibit small grains, pinholes, cracks, and ill-defined grain boundaries (e, f). In
contrast, stoichiometric films exhibit large, well-defined grains and dense substrate coverage
(d).
3Where rA is the flux of precursor A and rB is the flux of precursor B at the substrate. rA,B = 0 indicates equal
molar fluxes of species A and B, a negative value indicates excess metal halide (e.g., SnBr2) and a positive value
indicates excess organic halide (e.g., MABr).
Figure 5.1. X-ray diffraction
patterns corresponding to films
shown in Figure 5.2. Aster-
isks and hats denote diffraction
peaks corresponding MAI and
SnI2 phases, respectively; the
remaining peaks are MASnBr3.
X-ray diffraction was collected
using a Bruker D8 2D diffrac-
tometer with Co Kα radiation
(λ=1.7889 Å).
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Figure 5.2. Impact of unbal-
anced precursor fluxes on mor-
phology. (a)-(f) SEM micro-
graphs and (g) corresponding
grain sizes of films with vary-
ing amounts of excess MABr
or SnBr2. Excess MABr re-
sults in large grain areas of
>1 µm2, but films have sig-
nificant pinholes/voids. Ex-
cess SnBr2 results in morpholo-
gies that have significant non-
uniformities, have smaller grain
sizes <0.1 µm2, and less distinct
grain boundaries. For these depo-
sitions, V̇CG,SnBr2 = 3-5 sccm,
V̇CG,MABr = 3-4 sccm, V̇DIL
≈ 190 sccm, TMABr ≈ 150 °C,
TSnBr2 ≈ 250 °C, Tg = 280 °C,
Ts = 15 °C, and P = 2.6 Torr.
In order to quantify the differences in grain sizes, we calculated the average grain area and
peak intensity ratios from the grain size images in Figure E.2 and the XRD patterns in Figure
5.1, respectively. XRD intensity ratios IMABr/IMASnBr3 and ISnBr2 /IMASnBr3 are calculated
by dividing the most intense excess precursor peak with that of the MASnBr3 (100) peak (at
2θ = 17.5°). Films are deemed ”stoichiometric” if there are no observable diffractions from
MABr or SnBr2. Average grain area is calculated by applying the Weka Trainable Segmentation
tool in ImageJ to several SEM images taken from different locations on each substrate (Figure
E.2). Figure 5.2g shows average grain size as a function of film stoichiometry. As described
qualitatively, the stoichiometry of these films has a substantial impact on grain area, increasing
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Figure 5.3. (a) Grain size (black squares) and crystallinity (red circles) for MASnBr3 on quartz
within the stoichiometric region but at different MABr:SnBr2 flux ratios. Here, the flux ratio
was controlled by changing TSnBr2, and rMABr,SnBr2 corresponding to each image in (b)-(f)
is labeled in (a). All other variables remained constant for these depositions: V̇CG,SnBr2 = 6
sccm, V̇CG,MABr = 3 sccm, V̇DIL = 191 sccm, TMABr = 136 °C, Tg = 300 °C, Ts = 30 °C, and
P = 2.6 Torr.
from 0.03 µm2 for an r-ratio of -0.8 (excess SnBr2) to 10 µm2 for an r-ratio of 0.3 (excess
MABr).
While Figure 5.2 provides evidence that film stoichiometry can be used to change film mor-
phology, it is unlikely that the non-stoichiometric films here would be relevant for incorporation
into devices due to their non-ideal microstructures. Stoichiometric films, on the other hand, ex-
hibit microstructures suitable for devices. We therefore explored if tuning r-ratios within the
stoichiometric region could be a method for decoupling morphological control from composi-
tional control, while at the same time resulting in films with complete surface coverage. Specif-
ically, we grew MASnBr3 films while tuning the r-ratio within the stoichiometric window as
shown in Figure 5.3. In this case, rMABr,SnBr2 was tuned by adjusting the SnBr2 source tem-
perature while keeping all other experimental variables constant. XRD patterns for these films
are shown in Figure E.1. Using these diffraction patterns, we can calculate the intensity of the
(100) diffraction as a proxy for film crystallinity. Figure 5.3a shows that this diffraction intensity
changes dramatically with changes in rMABr,SnBr2 , increasing by an order of magnitude from
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rMABr,SnBr2 = -0.27 to rMABr,SnBr2 = 0.5. Average grain size has a similar trend, increasing
from 0.003 µm2 to over 0.2 µm2 for -0.75 < rMABr,SnBr2 < 0.5.
5.2 Electrical Properties vs. Stoichiometry
In addition to using stoichiometry to tune film morphology, we also hypothesized that modifying
r-ratio using our CGAVD technique might result in films with different electronic properties. As
described in Section 2.2.3, first-principle calculations and experimental results using solution
processing have shown that carrier type and concentration can be modified by changing the
ratio of MHP precursors during synthesis (e.g., MAI and SnI2) [82, 115, 118, 119]. To probe
how electronic properties varied with stoichiometry using our CGAVD technique, we deposited
MASnX3 films with varying MAX:SnX2 ratios (X = Br, I). All electronic characterization was
performed by Bryan Voigt; details can be found in Section E.1.
Four-terminal resistivity measurements for MASnBr3 and MASnI3 films at 280 K resulted
in resistivity values of 7x104 Ω cm and 3 Ω cm, respectively. These values, as well as the
substantially larger resistivity for MASnBr3 compared to MASnI3, are consistent with previous
reports [60, 256, 257]. For MASnI3, the lower resistivity enabled Hall effect measurements to
be made as a function of excess precursor species (MAI, characterized by IMAI /IMASnI3 , or
SnI2, characterized by ISnI2 /IMASnI3). Figure 5.4 shows the resulting resistivity, hole concen-
tration, and Hall mobility of MASnI3 films at 280 K as a function of excess precursor species.4
The resistivity (ρ) is between 0.04 – 3 Ω cm, within the range typically reported for MASnI3
[60, 256]. Resistivity appears to decrease from SnI2 excess to MAI excess, with a wide range
of ρ values scattered around the stoichiometric point.
Interestingly, all MASnI3 films exhibited holes as majority carriers in Hall effect measure-
ments, with an increase in hole concentration of nearly one order of magnitude upon moving
from SnI2 excess, through stoichiometric, and to MAI excess. Hole-dominated conduction is
typically associated with the oxidation of Sn2+ to Sn4+ [107, 258, 259], and the relatively high
hole concentrations here may be due to the lack of a reducing agent such as SnF2, as well as
air exposure of the source material and films as they are loaded and unloaded from the CGAVD
4XRD patterns for these films are shown in Figure E.3, and representative Hall resistance vs. magnetic field data
is shown in Figure E.4.
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Figure 5.4. Resistivity (ρ), hole concentra-
tion (p), and Hall mobility (µ) of MASnI3
films as a function of stoichiometry. Er-
ror bars on p and µ include random un-
certainty from the linear regression of the
field dependence of the Hall resistance and
uncertainty in film thickness. In nearly
all cases, uncertainty from thickness dom-
inated. For these depositions, V̇CG,SnI2 =
3 sccm, V̇CG,MAI = 3 sccm, V̇DIL = 44
sccm, P = 0.65 Torr, TSnI2 = 270-275 °C,
TMAI = 154-161 °C, and Tg = 300 °C.
chamber and prepared for electronic transport measurements.5 Consequently, mobilities calcu-
lated assuming the Drude model (i.e., ρ = 1/epµ where e is the electric charge) are relatively
low for these films, ranging from 0.2 to 1.5 cm2/Vs.
While the carrier concentrations and mobilities reported herein are not optimized, and rep-
resent a relatively narrow range of experimental parameter space, these initial studies show that
CGAVD can be used to tune the electronic properties of MHP films, which is crucial for their
eventual optimization for optoelectronic devices.
5At the time of these depositions, the enclosure had not been completed, and so loading and unloading of films
and substrates was done in ambient conditions.
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5.3 Controlling grain size using P and Ts
Given the demonstrated impact of film stoichiometry on electronic properties (Section 5.2) in
addition to film microstructure (Section 5.1), it would be desirable to tune film morphology by
means other than the precursor flux ratio. This would allow the decoupling and independent
modulation both of the film morphology and the electronic properties. Importantly, the vast
parameter space afforded by the CGAVD technique provides the means to accomplish this.
Here, we show that for a given precursor flux ratio rMABr,SnBr2 , the morphology of metal halide
perovskite films can be tuned using the total chamber pressure, P, and the substrate temperature,
Ts.
In order to probe how film microstructure changes as a function of P and Ts, we deposited a
series of MASnBr3 films at various chamber pressures and substrate temperatures. SEM images
resulting from these depositions are shown in Figure 5.5. From these SEM images we can
observe that grain size appears to increase with increasing pressure and increasing temperature.
At P = 10 Torr and Ts = 80 °C, very large MASnBr3 grains of up to ∼ 2 µm diameter are
achieved. As far as we are aware, these are the largest grains for a contiguous MASnBr3 film
(i.e., no pinholes) reported in the literature.
To assess these trends more quantitatively, we calculated the grain areas by using the Weka
Trainable Segmentation tool in ImageJ. In addition to grain area, we can also assess film ori-













where Ihikili is the intensity of the measured (hikili) diffraction peak, I0,hikili is the intensity
of the calculated (hikili) peak for a powdered crystalline sample, and N = 5 is the number of
peaks considered. For a polycrystalline sample, TChikili = 1, whereas TChikili < 1 indicates
suppressed (hikili) peaks and TChikili > 1 indicates orientation in the (hikili) direction.
Figure 5.6 shows the impact of deposition pressure P and substrate temperature Ts on grain
size and texture coefficients for the phase-pure MASnBr3 films show in Figure 5.5. Grain area
distributions are shown in Figure E.5. As suggested by Figure 5.5, Figure 5.6a shows that
increasing Ts results in larger grains, with grain size increasing from Ts = 30 °C to Ts = 70
°C for all pressures. Interestingly, the degree to which deposition pressure impacts grain size
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Figure 5.5. SEM images showing how grain size changes for MASnBr3 films on quartz as a
function of P and Ts. All other variables remained constant for these depositions: V̇CG,SnBr2
= 4 sccm, V̇CG,MABr = 3 sccm, V̇DIL = 20 sccm (for P < 2.6 Torr) or V̇DIL = 200 sccm
(for P ≥ 2.6 Torr), TSnBr2 = 233 °C, TMABr = 142 °C, and Tg = 300 °C. For all depositions,
rMABr,SnBr2 ≈1.
appears to increase with increasing Ts. For Ts = 30 °C, changing the deposition pressure from
0.3 to 10 Torr has relatively little impact on average grain size. For Ts = 50 °C, however, the
same change in pressure results in an approximate doubling of grain size. For Ts = 70 °C this
effect is even more dramatic, as grain size triples from P = 0.3 Torr to P = 10 Torr. Grain size
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Figure 5.6. Film grain size (a) and texture coefficient TChikili (b,c) as a function of P and Ts
for MASnBr3 films shown in Figure 5.5.
distributions (Figure E.5) have a similar dependence on P and Ts; at low substrate temperatures
(Ts = 30 °C), deposition pressure has little impact on grain size distributions, but for Ts > 30
°C, the range of grain areas increases with both P and Ts. The grain sizes in this work span
a range that has been reported for solution processed Sn MHPs [261], however the ability to
incrementally tune grain size while maintaining uniform and complete coverage (and phase
purity) is difficult to achieve with common spin-coating methods.
Film texturing can also be tuned using P and Ts. Figures 5.6b and 5.6c show the texture
coefficient for (100) and (110) peaks calculated using Equation 5.1, demonstrating the ability to
preferentially orient or suppress these peaks. TChikili for additional peaks are shown in Figure
E.6. As with grain size, the dependence of TChikili on P varies with substrate temperature.
Whereas the orientation of the (100) peak increases monotonically with increasing pressure for
Ts ≥ 50 °C, this trend is not monotonic for Ts = 30 °C. For the Ts ≥ 50 °C, the (110) peak can
be nearly completely suppressed at P = 10 Torr, but it is slightly oriented for Ts = 30 °C and P
= 10 Torr.
5.4 Deposition on Various Substrates
One of the advantages of vapor processing techniques is that it can allow facile deposition
onto a variety of substrates or on other films. As discussed in Chapter 6, this can enable the
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Figure 5.7. MASnX3 morphological consistency across various substrate types for stated depo-
sition conditions. Not all morphologies pictured are ideal for solar cells, however the morphol-
ogy of these films appears to vary more as a function of deposition conditions than substrate
type.
creation of novel multi-layer films like all-perovskite heterojunctions, as well as deposition
on flexible substrate materials that can be challenging with common spin-coating techniques.
Given that this was a critical part of our long-term goals, we wanted to confirm that we could
indeed grow our films on a variety of substrates/underlayers. Figure 5.7 shows the morphology
of MASnI3 and MASnBr3 films grown on four different substrates (PEDOT:PSS, c-TiO2, Si,
and indium-tin-oxide (ITO)-coated glass) under identical deposition conditions. Interestingly,
there is relatively little variation in apparent microstructure between these different underlayers.
While these particular films are not optimized for incorporation into optoelectronic devices, the
ability to deposit films with similar morphology on different surfaces provides an opportunity
to conduct meaningful studies with a variety of electron- and hole-transport layers.
Furthermore, we were able to succesfully deposit MASnI3 films on a flexible Kapton film
(Figure 5.8), opening the door for potential future fabrication of flexible devices using this
system.
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Figure 5.8. Successful deposition of MASnI3 on
flexible Kapton film using CGAVD. Approximate
film dimensions are 1 cm x 2 cm.
5.5 Summary
This chapter demonstrates our ability to harness the CGAVD technique to carefully and inten-
tionally tune the stoichiometry and morphology of MHP films. By systematically tuning exper-
imental parameters such as the source material temperatures and carrier gas flow rates, we can
tune film stoichiometry across a wide range, and observe corresponding changes in film mor-
phologies and electronic properties. To change grain area and film orientation independently
of stoichiometry, we modulate chamber pressure and substrate temperature. With this method
we can easily tune the grain area from ∼0.001 to >0.7 µm2 for MASnBr3 thin films. Finally,
we show the ability to deposit MHP films on flexible substrates and that the morphology of our
MASnX3 films using CGAVD is relatively independent of substrate/underlayer, enabling film
growth on a variety of relevant electron and hole transport layers. The work in this chapter not
only highlights the power of the CGAVD technique to access morphologies that can be used
to optimize film properties and device performance, but it also lays the groundwork for our
heterojunction work in Chapter 6.
Chapter 6
Formation and Stability of
Perovskite-Perovskite Heterojunctions
6.1 Background
As with classical inorganic semiconductors, heterojunctions play a crucial role in dictating the
energetic landscape and operation of MHP devices [262]. Optimization of these energetics can
directly impact device performance by improving carrier transport and minimizing optical and
voltage losses [263–267]. Because the ability to effectively engineer interfaces between mul-
tiple MHPs (e.g. between adjacent layers with different A, B, and/or X site ions) has been
elusive, current state-of-the-art devices rely on heterojunctions between the active MHP layer
and adjacent metal oxide or organic semiconductor layers [154, 268]. While these structures
have already achieved high efficiencies, challenges associated with the use of organic and metal
oxide transport layers remain. For example, poor stability is commonly observed for typical
organic transport layers, and in some cases these organics have been shown to be the limiting
factor for the overall stability of MHP devices [269, 270]. On the other hand, high-temperatures
are required to synthesize common inorganic transport layers like TiO2 and ZnO, which limits
the ease of fabrication and the choice of substrate [271, 272]. Synthesis of all-perovskite het-
erojunctions could address these challenges by enabling the replacement of these problematic
transport layers with MHP materials while also providing an opportunity to further optimize
transport layer properties towards more efficient devices [273].
Furthermore, the realization of perovskite-perovskite heterojunctions would enable a broader
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swath of electronic and optoelectronic devices in analogy to conventional semiconductors (e.g.,
III-V), permitting a more effective application of the outstanding properties and tunability of
the MHP material system. For example, all-perovskite heterojunctions could accelerate the de-
velopment of high-speed electronics based on resonant tunneling heterostructures [274, 275],
low-power multivalued logic applications[275], or next-generation integrated optoelectronic
and photonic circuits [276, 277].
In addition to the promise of new applications and improved performance, all-perovskite
heterojunctions also provide an ideal platform to study mass transport in MHP materials [278].
Ionic transport in MHPs gives rise to important materials engineering challenges including
current-voltage hysteresis in solar cells [125, 279] and light-induced phase instability in mixed-
halide MHPs [280], but can also be exploited for new applications like resistive switching de-
vices [48].
Despite their promise, all-perovskite heterojunctions are a relatively unexplored frontier,
likely due to challenges with fabricating multi-layer perovskite structures and the diffusion of
ionic species between layers [277]. As such, successful reports of all-perovskite heterojunc-
tions are limited to those with at least one perovskite with reduced dimensionality (0D, 1D,
2D). Heterostructures with 0D perovskites (e.g. quantum dots) have been shown to improve
photoluminescence quantum yield (PLQY) [89, 281] and MHP phase stability [282]. Yang et
Figure 6.1. (a) CsPbBr3/CsPbCl3 nanowire heterojunction geometry to study ion diffusion. (b)
Optical image of the nanowires under 400nm laser excitation. Adapted with permission from D.
Pan et al. ”Visualization and Studies of Ion-Diffusion Kinetics in Cesium Lead Bromide Per-
ovskite Nanowires”. In: Nano Letters 18.3 (2018), pp. 1807–1813. Copyright 2018 American
Chemical Society.
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Figure 6.2. Example of a 2D per-
ovskite structure, typically described as
R2An−1BnX3n+1, where R is a large or-
ganic cation and “n” denotes the number
of [BX6]4− layers separated by R cations.
In this example, R is phenethylammonium
and n=3.
al. employ a 0D/3D (CsPbBr3 QD)/(MAPbI3−xClx) perovskite heterostructure in a photode-
tector to improve transport of carriers and the corresponding response time and detectivity [42].
All-perovskite heterojunctions have also been successfully formed in 1D nanowires [276, 278,
283]. An example of these nanowire heterostructures is shown in Figure 6.1, where this ge-
ometry is used to study halide diffusion. Dou et al. use anion-exchange chemistry to fabricate
CsPbBr3/CsPbCl3 and CsPbBr3/CsPbI3 perovskite nanowires with sharp optical and electronic
interfaces [276]. Recently, CsPbI3/CsPbBr3 nanowire heterojunctions have enabled flexible and
self-powered lateral photodetector arrays [283].
The vast majority of reported all-perovskite heterojunctions are 2D/3D or “quasi-2D” het-
erostructures, where a bulky organic cation separates one or more MHP layers with reduced-
dimensionality [284]. 2D perovskites are typically described by the formula R2An−1BnX3n+1,
where R is a large organic cation and “n” denotes the number of [BX6]4− layers separated by
R cations as shown in Figure 6.2 [62]. Many reports focus on the enhanced stability 2D/3D
heterostructures provide (relative to their 3D counterparts) due to the hydrophobicity of the
R-site cation [61, 62], but quasi-2D heterostructures have also been employed to modify the
energetic landscape of MHP devices [63, 65, 285]. It has been widely shown that reducing 2D
layer thickness results in widening of the bandgap and an increase in exciton binding energies
[286–288]. By layering smaller bandgap 3D and larger bandgap 2D perovskites, quantum wells
can be created to spatially confine excitons and improve PL efficiency [63]. Wang et al., for ex-
ample, show the spontaneous formation of multiple quantum wells in NMA2(FAPbI3)n−1PbI4
(NMA = 1-naphthylmethylamine, FA = formamidinium) quasi-2D perovskites, which result
in efficient energy transfer and radiative recombination of excitions [64]. A schematic of the
proposed band diagram for these multiple-quantum well structures are shown in Figure 6.3,
The successes of all-perovskite heterojunctions based on reduced dimensionality MHPs
highlights the wide applicability of these structures and motivates continued exploration. While
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Figure 6.3. Schematic of proposed en-
ergy band diagram for the multiple quan-
tum well MHP films from ref [64].
Here, NFPI7 denotes a quasi-2D MHP
formed from 1-naphthylmethylamine io-
dide (NMAI), formamidinium iodide (FAI)
and PbI2 precursors in a molar ratio of
2:1:2, which result in a film with majority
n = 2 quantum wells (i.e., NMA2FAPbI3).
Adapted by permission from Springer
Nature: Nature Photonics, ”Perovskite
light-emitting diodes based on solution-
processed self-organized multiple quantum
wells”, N. Wang et al., Copyright 2016.
promising, exclusive reliance on self-assembled and low-dimensional (0D, 1D, 2D) structures
limits the possibilities for interfacial engineering and optimization of layer properties: an exam-
ple of such a limitation in quasi-2D MHPs is the trade-off between high stability and low charge
carrier mobility due to the insulating nature of the organic R cations [289]. As such, the ability
to synthesize all-perovskite heterojunctions from an array of 3D perovskites would allow more
intentional engineering and optimization of these interfaces.
In this chapter we demonstrate for the first time the formation of perovskite-perovskite het-
erojunctions between thin films of 3D ABX3 MHPs and identify two pairings with stability
>1500 hours. We also identify which species are diffusing across the interface and the impact
of grain size on mixing rate for a case where multiple cations are varied across the interface.
Thus, in addition to demonstrating an approach to realizing stable perovskite-perovskite hetero-
junctions, we offer design rules for maximizing interface stability.
6.2 Experimental Methods
In order to successfully form perovskite-perovskite heterojunctions, a multi-step process is em-
ployed that utilizes both solution and vapor deposition methods as shown in Figure 6.4. Briefly,
a solution-processed layer of APbX3 is deposited on glass or Si substrates followed by a layer
of MASnX3 deposited using the CGAVD system described in Chapter 4 [255]. This multi-step
81
process circumvents the need for solvent orthogonality and/or a chemically robust interlayer for
sequential solution processing, thus enabling the formation and study of all-perovskite hetero-
junctions with intimate contact between the MHP layers. Additional synthesis details can be
found in Appendix F.
Figure 6.4. Schematic representation of heterojunction formation by sequential deposition of
APbX3 and MASnX3 perovskite layers. First, APbX3 films are deposited via spin-coating.
These films are then transferred to a vapor deposition chamber where MAX and SnX2 are co-
deposited to form a MASnX3 perovskite layer.
6.3 Successful formation of heterojunctions
The propensity of ionic species to diffuse in perovskites and the resulting possibilities for stable
MHP heterojunctions depends on many factors including the identity of the diffusing species
and the type, quantities, and energetics of diffusion pathways associated with that species. For
instance, many first-principles calculations indicate that the halide ion (X−) is the most mobile
species in the perovskite lattice [290, 291]. This high rate of mass transport has been used to
synthesize mixed halide perovskites via solid-solid or liquid-solid “ion-exchange” techniques
[292]. As such, it seems likely that the formation of a stable all-perovskite MHP where the
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halogen is varied across the interface may be difficult. Liquid-solid ion-exchange has also been
used to mix A-site (FA/MA) [293] and B-site (Pb/Sn) [294] cations, with evidence of fully-
mixed, homogenous films. Despite this evidence of mobile A- and B-site species, there have
been many fewer reports of their transport in 3D MHP structures across solid-solid interfaces,
and the potential for long-term stability of MHP interfaces with varying A- and B-sites remains
unknown.
Our first goal was therefore to test the dependence of heterojunction formation on the
ions occupying the A, B, and/or X sites. We did this by fabricating three different struc-
tures using the method outlined in Section 6.2: MAPbBr3/MASnBr3 (varying only the B site),
FAPbBr3/MASnBr3 (varying both A and B sites), and FAPbI3/MASnBr3 (varying ions on all
sites). We then probed in detail whether we were able to form these heterojunctions at all - i.e.,
whether the layers stayed separated long enough to measure or if they mixed too rapidly to be
characterized. Practically, heterojunction formation is considered “successful” if the two layers
remain unmixed long enough to be observed using absorption and XRD measurements, taken
∼30 minutes and 1-2 hours after growth, respectively.
Figure 6.5 shows the successful formation of MAPbBr3/MASnBr3 and FAPbBr3/MASnBr3
heterojunctions, and evidence of partial mixing for FAPbI3/MASnBr3. In each case, absorbance
spectra show two distinct onset features that correspond to the band gaps of the constituent
layers of the heterojunction. The contribution of each layer to the total absorbance is highlighted
in Figures 6.5a - 6.5c, with MASnBr3 exhibiting an onset at λ ∼ 580 nm, MAPbBr3 at λ ∼
540 nm, FAPbBr3 at λ ∼ 550 nm, and FAPbI3 at λ ∼ 825 nm. Shading for the smaller
bandgap layer corresponds to the measured absorption of those individual films (MASnBr3 in
orange for Figure 6.5a and 6.5b, FAPbI3 in green for Figure 6.5c), and shading for the larger
bandgap layer corresponds to the remaining absorption for the heterojunction. The thin orange
shoulder in Figure 6.5c near 825 nm is likely due to differences in background subtraction for
the heterojunction and FAPbI3 film arising from the high-intensity scattering background of
FAPbI3 (see Figure F.6). The total absorption of the heterojunction is nearly a superposition of
the absorptions of the individual isolated films as shown in Figure 6.6. This is in contrast to the
well-documented single-onset absorption spectra typical of mixed A, B, and/or X-site MHPs
[295, 296], which would be expected if ion diffusion across the interface led to alloy formation.
All absorbance spectra have backgrounds subtracted for clarity.
Heterojunction formation is also examined using X-ray photoelectron spectroscopy (XPS)
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Figure 6.5. Formation of three different perovskite heterojunctions: (a) and (d)
MAPbBr3/MASnBr3, (b) and (e) FAPbBr3/MASnBr3, and (c) and (f) FAPbI3/MASnBr3. Ab-
sorbance data (a) – (c) shows distinct features that correspond to the absorption of the individual
perovskite layers: the measured absorption of the heterojunction is very close to the super-
position of the individual layer absorptions. (d) XPS depth profile of MAPbBr3/MASnBr3
shows a clear transition from an Sn-only MASnBr3 perovskite layer to a majority Pb MAPbBr3
layer; persistence of Sn and Pb signals into the substrate are attributed to inefficient sputter-
ing of metallic species. Shaded layers corresponding to approximate interfaces are for visu-
alization only. XPS was performed by Dr. Jenny Mann of Physical Electronics. XRD of (e)
FAPbBr3/MASnBr3 and (f) FAPbI3/MASnBr3 heterojunctions show peaks that correspond to
both perovskite layers; slight peak shifts in the FAPbI3/MASnBr3 may indicate partial mixing of
the two layers. X-ray diffraction was collected using a PANalytical X’pert PRO diffractometer
with Co Kα radiation (λ=1.7889 Å).
sputter depth profiles (performed by Dr. Jenny Mann of Physical Electronics) or X-ray diffrac-
tion (XRD). For the MAPbBr3/MASnBr3 heterojunction, the constituent layers have the same
room temperature crystal structure (Pm3̄m) and similar lattice parameters (a=5.901 Å for
MAPbBr3 and a=5.905 Å for MASnBr3) [68, 72], rendering their X-ray diffraction patterns
indistinguishable within the diffractometer resolution limits.1 In this case, XPS sputter depth
1It should be noted, however, that the XRD pattern of the heterojunction is consistent with presence of these
films on the substrate as seen in Figure F.2a.
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Figure 6.6. Absorption data (a) – (c) for individual films and heterojunctions depicted in Fig-
ure 6.5a – c (backgrounds subtracted for clarity). The linear superposition of the individual
perovskite films (dashed blue line) aligns well with the measured absorption spectra of the
corresponding heterojunction as one would expect for a multi-layer film where the layers are
segregated.
profiling of the MAPbBr3/MASnBr3 heterojunction using a C+60 sputtering source is more in-
formative. For additional experimental details, see Appendix F and Chapter 7. As a function of
sputter time, Figure 6.5d shows a transition from high Sn 3d5/2 photoelectron intensity, origi-
nating from the top MASnBr3 layer (∼110 nm thick), to the Pb 4f photoelectrons originating
from the bottom MAPbBr3 layer (∼70 nm thick). After 5 minutes of sputtering, the Si 2p signal
from the glass substrate is observed. Residual Sn and Pb counts which persist after reaching
the substrate are attributed to inefficient removal of metallic species and differences in sput-
tering rates between organic, metallic, and halogen species, both of which have been observed
in the literature [297, 298]. Furthermore, a majority of Sn 3d5/2 and Pb 4f signals after 3.5
and 8 minutes, respectively, are at lower binding energies which we ascribe to metallic damage
(discussed in detail in Chapter 7). If this damage signal is excluded, the interface between the
layers appears sharper and the persistence of Sn 3d5/2 and Pb 4f signals into the substrate is
diminished as can be seen in Figure 7.9b.
For MHPs with sufficiently different lattice parameters, such as FAPbBr3/MASnBr3 and
FAPbI3/MASnBr3, XRD can be used to probe the crystal structure in each layer and whether
the two layers have alloyed.2 For a heterojunction, the overall XRD pattern should contain
peaks corresponding to both crystalline layers. If ion diffusion leads to substantial intermix-
ing, an alloy would form, characterized by XRD peaks shifted from the neat materials. As
shown in Figure 6.5e, (100) peaks corresponding to both MASnBr3 (2θ=17.45°) and FAPbBr3
2XRD was collected using a PANalytical X’pert PRO diffractometer with Co Kα radiation (λ=1.7889 Å).
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(2θ=17.25°) are visible, confirming the formation of a FAPbBr3/MASnBr3 heterojunction. It
is interesting to note that this separation is less pronounced for the FAPbI3/MASnBr3 hetero-
junction in which the halogen is also varied across the interface (Figure 6.5f). Although the
diffraction pattern for FAPbI3/MASnBr3 shows two distinct low-angle peaks (2θ=16.31° and
17.25°), they do not align with the neat (100) FAPbI3 (2θ=16.25°) and (100) MASnBr3 peaks
(2θ=17.45°). Moreover, there is significant diffraction intensity between the two peaks. We
attribute this to mixing across the interface during the time elapsed between absorbance and
XRD measurements (1-2 hours). Additional data for these three heterojunctions can be found
in Figure F.3.3
Taken together, the data in Figure 6.5 confirmed our ability to form all-perovskite hetero-
junctions using our multi-step solution and vapor processing method, as well as to verify their
formation using absorption, depth-profiled XPS, and XRD measurements. This success fulfilled
one of the ultimate goals of my PhD work, and proved that all-MHP heterojunctions formed
from 3D films are indeed possible, motivating additional studies on the stability and mixing of
these heterojunctions.
6.4 Heterojunction stability over time
Our observation of mixing in structures with a variation in the halogen ion (FAPbI3/MASnBr3),
but not for those with the same halogen (MAPbBr3/MASnBr3 and FAPbBr3/MASnBr3), is
consistent with first-principles calculations which reveal that the X-site species are the most
mobile in the ABX3 MHP lattice [290, 291]. To further probe the interfacial stability of all-
perovskite heterojunctions, we examined the time evolution of seven heterostructures in detail.
To do this, we fabricated these structures as outlined in Section 6.2 and then performed periodic
absorption and XRD measurements to track the location of absorption and diffraction peaks
over time. We then extract a ”mixing time” by calculating the time (since deposition) at which
XRD peaks corresponding to different layers merge into single peaks and/or the absorbance
spectrum evolves to show a single onset feature; this is equivalent to the time at which these
data are stable and no longer change with time. Mixing time is thus considered the time when
3A small diffraction peak corresponding to excess PbI2 (Figure F.2f) observed in the neat FAPbI3 film is not
present in the heterojunction film; it is possible that this slight non-stoichiometry of the FAPbI3 film could contribute
to faster mixing by altering the defect concentration in the bottom layer.
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films are fully mixed, and not when evidence for diffusion is first observed.4 This is in part due
to the practical challenges of determining mixing time from the first observation of mixing, as
films that mixed rapidly were difficult to observed in an unmixed form. In general, however, the
samples/structures in which mixing was observed quickest were also the samples to have the
shortest fully-mixed mixing time.
An example of this mixing time calculation is shown in Figure 6.7 using absorption and
XRD data for a FAPbBr3/MASnBr3 heterojunction. For the absorption data in Figure 6.7a,
time points up to 190 hr show two absoprtion onsets indicating the existence of two phases.5 At
314 hr, however, only one clear absorption onset is visible. Measurements after 314 hrs do not
change, further supporting the notion that the diffusing species has fully mixed between the two
layers. Because of the timespan between measurements, it is not clear when between the 190
hr and 314 hr measurements the films were fully mixed. As such, we calculate mixing time as
the average of these two time points (i.e. (314 hr+190 hr)/2=252 hr, as shown in Figure 6.7c),
4Absorption and XRD measurements for mixing time calculations are performed on the same sample, and that
these samples are stored in an N2 glovebox between measurements.
5Note these are the same absorption onsets as seen in Figure 6.5b.
Figure 6.7. Example of mixing over time for a FAPbBr3/MASnBr3 heterojunction. (a) Absorp-
tion data over time, showing the transition from two absorption features to a single unchanging
onset after 314 hr. (b) XRD data, where the initially distinct diffraction peaks show mixing
behavior and eventually form one peak after 356 hr. (c) Mixing time calculated from (a) and
(b) by taking the average of the last timepoint before the sample is fully mixed and the first
time point after the sample is fully mixed; error bars correspond to the time range of these two
datapoints. X-ray diffraction was collected using a PANalytical X’pert PRO diffractometer with
Co Kα radiation (λ=1.7889 Å).
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and consider the two measurement timepoints to be the error bars.
Similarly, the XRD data in Figure 6.7b show two diffraction peaks corresponding to FAPbBr3
and MASnBr3 at t = 2 hr. At t = 189 hr, substantial mixing is observed, as the peak locations
have shifted and there is substantial diffraction intensity between them. However, this spectra
continues to change until the 356 hr measurement, where only one clear peak is observed. After
this timepoint, no further changes are seen. Thus, in this case we would calculate the ”mixing
time” to be 272.5 hr, with error bars spanning from 189 hr to 356 hr, as seen in Figure 6.7c.
Good agreement between mixing time calculated using absorption and XRD data provide con-
fidence that these two measurement techniques are capturing the same mixing behavior in these
samples.
Employing this procedure, we construct and measure the seven different APbX3/MASnX3
structures shown in Figure 6.8a. Here, the x-axis corresponds to approximate mixing time,
where heterojunctions are assigned to three broad categories: 0 - 100 hrs, 100 - 1000 hrs, and
no mixing observed. These coarsely grained categories were chosen as a result of the variation
in mixing time error bars between samples, which are shown approximately in Figure 6.9. Ide-
ally, XRD and absorption measurements could be taken at short and consistent intervals for all
films (e.g. every two hours) in order to minimize the uncertainty in mixing time calculations
and variation between samples. However, due to practical limitations such as shared instrument
scheduling, not all heterojunction samples could be measured at the same time intervals. Fur-
thermore, the need for more or less frequent measurements is also dictated by how quickly the
heterojunctions mix, with faster mixing samples requiring shorter times between measurements
in order to capture their mixing behavior. As such, the x-axis scale in Figure 6.8a reflects a
conservative assessment of the uncertainty in our mixing time calculations. Additional data for
these heterojunctions can be found in Figures F.2 - F.7.
Interestingly, Figure 6.8a shows that both MAPbBr3/MASnBr3 and CsPbBr3/MASnBr3
heterojunctions appear stable for >1500 hours, as evidenced by their unchanging absorbance
spectra in Figures 6.8b and 6.8c.6 MAPbBr3/MASnBr3 samples heated at 60 °C for 7 hours
in an N2 atmosphere also showed no observable mixing (Figure 6.10), further indicating the
robustness of this interface. The mixing time of the remaining heterojunctions decreases dra-
matically when the halogen is varied between the layers, as expected based on our previous
61500 hrs was the longest time measured for these samples and that is why mixing time is cited as >1500
hours. It does not mean that any mixing was observed after 1500 hours: in fact no mixing was observed for any
MAPbBr3/MASnBr3 or CsPbBr3/MASnBr3 samples.
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Figure 6.8. (a) Mixing time for various perovskite heterojunctions. Time-dependent ab-
sorbance of stable MAPbBr3/MASnBr3 (b) and CsPbBr3/MASnBr3 (c) heterojunctions, where
no mixing is observed. Time-dependent absorbance spectra (d) and XRD pattern (e) for the
FAPbBr3/MASnBr3 heterojunction with the longest observed mixing time. The single absorp-
tion onset and (100) XRD peak at 937 hours indicate interdiffusion of at least one species in the
originally layered film. Times are rounded to the nearest hour and all absorbance data are nor-
malized to their value at a wavelength of λ = 585 nm for clarity. X-ray diffraction was collected
using a PANalytical X’pert PRO diffractometer with Co Kα radiation (λ=1.7889 Å).
discussion.
On the other extreme, some pairings mixed so rapidly (<1 hour) that characterization prior
to substantial mixing was not possible due to transfer-time limitations for characterization (e.g.
MAPbBr3/MASnI3 in Figure F.3). A detailed study of one of these rapidly mixing cases
was performed on fully vapor-deposited MASnI3/MASnBr3 films. For this study, phase pure
MASnBr3 and MASnI3 thin films were deposited via one-step co-deposition by manipulating
V̇CG,i and Ti according to Equation 4.29 such that rMABr/rSnBr2 ∼1 and rMAI /rSnI2 ∼1, re-
spectively. Due to the rapid mixing of these sequentially deposited MHPs, the stoichiometry
of the resulting MASnBrxI3−x (0 < x < 3) films could be tuned using the relative thickness
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Figure 6.9. Approximate mixing times for samples used to determine the ranges in mixing
times depicted in Figure 6.8a. Mixing times are assigned based on the time elapsed between
fabrication and when absorbance spectra or XRD pattern show a single onset feature or set of
diffraction peaks. The data points here are the average of the last timepoint before the sample
is fully mixed and the first time point after the sample is fully mixed, as described in detail
in Figure 6.7. Each datapoint corresponds to a single layered structure, and multiple data-
points denote different samples. Note that the deposition conditions and resulting morphology
of the layers was kept as consistent as possible between samples with the exception of the
FAPbBr3/MASnBr3 and MAPbBr3/MASnBr3 heterojunctions, where the bottom Pb film mor-
phology was intentionally varied as discussed in Section 6.5.
of each layer. Figure 6.11 shows X-ray diffraction (XRD), optical absorption, and photolumi-
nescence (PL) from films with x = 0, 1.5, 2 and 3. These data are consistent with previous
reports on MASnBrxI3−x synthesized using other techniques [140, 214, 299]. XRD peaks shift
monotonically to larger 2θ values with increasing Br content, from 16.5° (x = 0) to 17.5° (x =
3), implying a smooth phase-transition from tetragonal MASnI3 to pseudocubic MASnBr3 as
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Figure 6.10. Absorbance spectra (a) and XRD patterns (b) of a MAPbBr3/MASnBr3 hetero-
junction before and after heating at 60 °C for 7 hours in an N2 atmosphere. No appreciable
change in XRD pattern or absorption features is observed after heating, indicating a lack of
substantial B-site cation diffusion across the interface. XRD was collected using a PANalytical
X’pert PRO diffractometer with Co Kα radiation (λ=1.7889 Å).
described elsewhere [299]. Strong texturing along (001) is evident for x = 0, 1.5, and 2. While
texturing can be substantially tuned independent of stoichiometry using CGAVD (see Section
5.3), strong texturing is observed more readily for MASnI3 films than MASnBr3 films.
The measured optical absorption spectra (Figure 6.11b) show onsets decreasing from a
wavelength of 880 nm for x = 0 to 575 nm for x = 3. Photoluminescence is observed at a
wavelength of 730 nm for x = 1.5 and 960 nm for x = 0, with no significant PL from films
with x ≥ 2. This is consistent with previous reports, where the PL efficiency was negligi-
ble (< 0.1%) and no electroluminescence was observed from MASnBrxI3−x films with x > 1.5
[299]. Interestingly, the sequentially deposited MASnBr3 and MASnI3 films mix spontaneously
even at substrate temperatures as low as 15 °C. To our knowledge, this is the first synthesis of
MASnBrxI3−x by sequential deposition of single-halide perovskite films. This rapid and spon-
taneous mixing implies high I− and Br− diffusion rates within the perovskite crystal structure.
Based on this observation, MASnBrxI3−x appears to be energetically favourable and stable at
room temperature.
Notably, despite having different halogens, the FAPbI3/MASnBr3 heterostructure (Figure
F.6) is substantially more stable than the others. This could be due to differences in grain
size and defects [52, 300], the impact of the A-site on halogen diffusion [52, 301], and/or the
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Figure 6.11. (a) X-ray diffraction patterns of MASnBr3, MASnI3, and MASnBrxI3−x films
deposited on quartz using CGAVD. MASnI3 and MASnBrxI3−x films are highly oriented along
[001], with small (111) and (102) peaks visible for MASnBr2I1. (b) Corresponding absorbance
(solid lines) and photoluminescence (dashed lines) spectra. No significant photoluminescence
is observed for x > 1.5, which is consistent with previous reports. Film thicknesses are 450
nm, 310 nm, 130 nm, and 410 nm for x = 3, 2, 1.5, and 0, respectively. See Figure F.10 for
deposition parameters for these films. X-ray diffraction was collected using a Bruker D8 2D
diffractometer with Co Kα radiation (λ=1.7889 Å).
substantially different lattice parameters of these two MHPs [72, 74]. Additional studies are
needed to determine the impact of these parameters on the larger mixing time observed for
FAPbI3/MASnBr3.
Among the pairings containing a single halogen type, only FAPbBr3/MASnBr3 exhibits
mixing. Figures 6.8d – 6.8e show absorption and XRD data for the FAPbBr3/MASnBr3 that
exhibited the longest mixing time. Similar to previous data presented in Figure 6.7, the initial
(t=1 hr) absorbance spectra and XRD patterns have distinct onsets and peaks, respectively, that
correspond to the individual FAPbBr3 (∼180 nm thick) and MASnBr3 (∼190 nm thick) layers.
Over time, these distinct onsets and peaks merge, and at t=937 hr the absorbance has one clear
onset and the XRD pattern has a single peak, indicating mixing. Furthermore, the location of
the XRD peak (2θ=17.34°) after 937 hours is approximately halfway between the (100) peaks
of the two constituent films (2θ=17.25° for FAPbBr3 and 2θ=17.45° for MASnBr3) as expected
for a 50% FA and 50% MA composition predicted based on the individual film thicknesses
before mixing.
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It is interesting to note the difference in stability between FAPbBr3/MASnBr3 and CsPbBr3/
MASnBr3 heterojunctions, as both have variations in the A- and B- sites. This difference in
mixing behavior could reflect a variety of factors, including differences in lattice parameter,
defect density, and/or the impact of the A-site on defect migration. While mechanisms of ion
migration in CsPbBr3 are not fully understood [302], first-principle calculations suggest that the
energy barriers for A-site defect migration are larger for FAPbBr3 than CsPbBr3 [303]. This re-
sult would imply, everything else (e.g. defect densities) being equal, that a FAPbBr3/MASnBr3
heterostructure should mix more slowly than CsPbBr3/MASnBr3. Since this is not what we
observe, it suggests that either the energy barriers for A-site defect migration are different in
our FAPbBr3 and CsPbBr3 films than calculated in ref [303], and/or that there are other factors
dominating the difference in mixing rate. Furhtermore, Figure 6.8a clearly demonstrates that the
FAPbBr3/MASnBr3 heterojunctions explored in this work exhibit the largest range in mixing
time, spanning both the 0 - 100 hr and 100 - 1000 hr domains. Since no other heterojunctions
tested had this large of a range in mixing time, we set out to understand this further by exploring
mixing rate vs. grain size (in Section 6.5).
6.5 Heterojunction Mixing vs. Grain Size
The diffusion of ionic species across perovskite-perovskite interfaces likely depends on sev-
eral factors, including bulk and interfacial defect type and density, as well as the morphology
(e.g., grain size, orientation, roughness) and crystal structure of each layer. While ion trans-
port may occur both in the bulk and along the grain boundaries [300, 304], grain boundary
diffusion likely dominates in polycrystalline films [304–306]. To understand how much film
morphology and grain size could impact diffusion, mixing times in MAPbBr3/MASnBr3 and
FAPbBr3/MASnBr3 heterostructures were studied as a function of APbBr3 (bottom film) mor-
phology. To capture extremes, two types of MAPbBr3 and FAPbBr3 films were fabricated, one
with very small (<0.005 µm2) tightly packed grains and another with very large (>3 µm2)
island domains. In an attempt to only change one variable (in this case the bottom Pb film mor-
phology), the top MASnBr3 layer was deposited on MAPbBr3 and FAPbBr3 films in a single
growth to minimize morphological variations in the top layer. SEM images of these bottom Pb
films can be seen in Figure 6.12.
Despite these very different morphologies, no mixing was observed for any MAPbBr3/
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MASnBr3 heterojunctions, as demonstrated by the unchanging absorbance spectra in Figure
6.13. This data further suggests minimal diffusion of the B-site across the MAPbBr3/MASnBr3
interface regardless of grain boundary density, making this heterojunction a promising candidate
for incorporation into optoelectronic devices.
Figure 6.12. SEM images for small-grained (a) and large-island (b) MAPbBr3 and small-
grained (c) and large-island (d) FAPbBr3. Small-grained and large-island films were fabricated
with a 200 µL chlorobenzene application at 10s and 40s into the spin-coating process, respec-
tively. Scalebars are 1 µm (a), (b) and (d) and 100 nm (c).
Figure 6.13. Absorbance spec-
tra of MAPbBr3/MASnBr3 het-
erojunction as a function of
MAPbBr3 grain size and time.
No mixing was observed for ei-
ther morphology for >600 hours.
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Figure 6.14. Mixing behavior of FAPbBr3/MASnBr3 heterojunctions as a function of FAPbBr3
grain size. (a) Example of XRD peak fitting for a small grained FAPbBr3/MASnBr3 heterojunc-
tion at t = 2 hr and t = 506 hr. XRD data was fit using three Gaussian peaks centered at 2θ=34.8°,
35.0°, and 35.3°. (b) Ratio of “mixed” to “unmixed” XRD peak area as a function of time. The
vertical-axis corresponds to the ratio of XRD peak areas corresponding to “mixed” and “un-
mixed” components of the film, where 0 would indicate a completely unmixed heterojunction.
Heterojunctions with small-grained FAPbBr3 films mix at a substantially faster rate than large-
grained films. X-ray diffraction was collected using a PANalytical X’pert PRO diffractometer
with Co Kα radiation (λ=1.7889 Å).
In contrast, for FAPbBr3/MASnBr3 heterostructures, the rate of mixing can be actively var-
ied by controlling the morphology of FAPbBr3. Figure 6.14 shows the mixing behavior of
FAPbBr3/MASnBr3 heterojunctions for “small grained” and “large island” FAPbBr3 films over
a period of 500 hours. To quantify the difference in mixing rate, XRD peaks between 2θ=34.4°
and 35.7° were fit using three Gaussian peaks corresponding to FAPbBr3 (2θ=34.8°), MASnBr3
(2θ=35.3°), and an alloy (2θ=35.0°). Figure 6.14a shows an example of this fitting for a “small
grained” film, where the XRD pattern prior to mixing (t = 2 hr) can be fit primarily with peaks
corresponding to FAPbBr3 and MASnBr3 and, after mixing (t = 506 hr), with a single peak cor-
responding to the alloy. The fit was constrained to include three peaks centered at the locations
above to avoid missing small contributions from different components. For all morphologies,
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the X-ray beam size (>1 mm2) is several orders of magnitude larger than the domain sizes in
APbBr3 films. Fitting XRD patterns over time, we observe a substantial difference in rate of
mixing (Figure 6.14b). In Figure 6.14b, the vertical axis is the area of the mixed (i.e., alloy)
peak (at 2θ=35°) divided by the sum of the areas of the unmixed peaks (at 2θ=34.8° and 35.3°).
The heterojunctions with large island FAPbBr3 films show minimal mixing over 500 hours,
while small grained films are nearly completely mixed (Figure F.9). This result supports the
hypothesis that grain boundaries assist ion migration across the interface and demonstrates the
dramatic impact of morphology on the stability of all-perovskite heterojunctions.
6.6 Ion difussion in FAPbBr3/MASnBr3 heterojunctions
Another interesting feature of the FAPbBr3/MASnBr3 heterostructure is that both the A-site
(FA+, MA+) and the B-site (Sn2+, Pb2+) could potentially be mixing. To investigate which
species are diffusing across the interface, an XPS depth profile was performed on “mixed”
(measured >1500 hrs after deposition) and “unmixed” (measured <100 hrs after deposition)
films. A detailed treatment of the measurement and results is presented in Chapter 7; a brief
summary of the data is included here for completeness. All XPS measurements were performed
by Dr. Jenny Mann of Physical Electronics.
As seen in Figures 6.15a and 6.15b, the sharpness of the transition between Sn 3d5/2 and Pb
4f photoelectron intensity profiles appears unchanged for the two cases. This unchanging Pb/Sn
interface sharpness supports the hypothesis that minimal diffusion of the B-site cations (Sn2+,
Pb2+) is occuring, as was also observed for MAPbBr3/MASnBr3 heterojunctions (Figure 7.10).
In contrast, the N 1s and C 1s depth profiles vary significantly between the mixed and the
unmixed samples. The N 1s chemical states for the unmixed case (Figure 6.15c) show an MA+
contribution only in the top layer of the heterojunction, whereas the mixed case (Figure 6.15d)
has both MA+ and FA+ contributions throughout. The presence of the FA+ species at the
surface of the ”mixed” FAPbBr3/MASnBr3 heterojunction confirms the diffusion of the A-site
species from the bottom layer through the entirety of the top layer, thus suggesting that A-site
diffusion is responsible for the mixing inferred from absorption and XRD measurements on this
heterostructure.
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Figure 6.15. XPS depth profiles for
unmixed (a), (c) and mixed (b), (d)
FAPbBr3/MASnBr3 heterojunctions,
showing Sn 3d5/2 and Pb 4f photoelectron
intensities in (a) and (b) and the N 1s
chemical states in (c) and (d). Different
sputtering time scales for the two cases
reflect differences in film thicknesses:
MASnBr3 layers are ∼110 nm thick for
the mixed case and ∼190 nm thick for the
unmixed case, FAPbBr3 is fixed at ∼180
nm. Whereas the sharpness of the interface
between Sn and Pb appear similar for the
two cases, the distribution of MA+ and
FA+ as evidenced by the N 1s signals in
(c) and (d) differ significantly, suggesting
that A-site diffusion is responsible for the
mixing observed in this heterostructure.
XPS measurements performed by Dr.
Jenny Mann of Physical Electronics.
6.7 Conclusion
This chapter highlights our successful formation and characterization of all-perovskite hetero-
junctions based on thin layers of 3-dimensional ABX3 perovskites. Using a combination of
solution and vapor processing, we synthesize seven APbX3/MASnX3 (A=Cs, MA, FA; X=Br,
I) layered structures and identify two with stability >1500 hours: MAPbBr3/MASnBr3 and
CsPbBr3/MASnBr3. Consistent with the literature, we find rapid mixing in structures when
the halogen is different on either side of the heterojunction interface. Control of mixing rate is
achieved through reducing grain boundary density of the bottom layer, providing insight into
methods for controlling ion diffusion in MHP heterostructures. We further probe the mixing
behavior of FAPbBr3/MASnBr3 heterojunctions in detail and find that while A-site species dif-
fusion is substantial over hundreds of hours, B-site diffusion is negligible. By enabling the
controllable formation of a variety of 3D all-perovskite heterojunctions for the first time, this
work provides a pathway to advance the understanding of ion transport in MHPs and explore the
potential of all-perovskite heterostructures for advanced electronic applications. Furthermore,
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we identify two ideal candidates (MAPbBr3/MASnBr3 and CsPbBr3/MASnBr3) for incorpora-
tion into optoelectronic devices.
Chapter 7
Probing MHP Compositions using
Depth-profiled XPS
7.1 Background
X-ray photoelectron spectroscopy (XPS), is a powerful surface-sensitive spectroscopic tech-
nique that can be used to quantify chemical species (e.g. Sn or Pb) and chemical states (e.g.
double vs. single carbon bonds). A schematic for an XPS measurement can be seen in Figure
7.1, where a sample is irradiated with photons (typically Mg Kα or Al Kα X-rays) and emits
photoelectrons. Quantification is achieved by measuring the number and kinetic energy EK of
the elastically scattered photoelectrons, given by
EK = hν − EB (7.1)
where hν is the photon energy and EB is the ionization (binding) energy of the photoelectron
[307]. The value of EB depends on the element, which electron has been ejected from the atom
(e.g. 4s or 4p), and the bonding environment of the atom. Coupled with the intensity of the
photoelectron signal, EB can be used to determine elemental species, chemical state, and for
materials with more than one species, stoichiometry. Figure 7.1 shows example XPS spectra for
several metals, where labels correspond to specific core electronic transitions. Due to the small
inelastic mean free path of ejected photoelectrons, analysis depths are typically <10 nm [307],
although this depth can be altered by changing the photon energy [308].
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Figure 7.1. Schematic for XPS measurement, where high energy photons strike a sample which
emits photoelectrons. Example XPS spectra with labeled transitions for several metals. Repro-
duced with permission from Frank Müller, Epitaktisches Wachstum von Graphen und Boroni-
tren auf Übergangsmetallen, Habilitation Thesis, Saarland University (2014) [309].
In the field of MHPs, XPS has been used extensively to probe composition and binding
states at the surface of films or full device structures. Several studies have shown the migration
of halide ions through Ag electrodes by tracking the Ag 3d signal and differentiating between
binding energies for elemental Ag and AgI [158, 310–312]. Kato et al., for example, used XPS
to show that iodine migrates to the surface of an Ag electrode for glass/FTO/TiO2/MAPbI3/spiro-
MeOTAD/Ag solar cells when stored in air with 50% RH [310]. XPS has also been used to
monitor the reaction between PbI2 and MAI to form MAPbI3 [313], to observe changes in MHP
chemistry with different aging conditions [314], to compare surface composition for samples
fabricated using different procedures [308], and to measure the change in valence band energy
as a function of Br in MAPb(I1−xBrx)3(Cl)y [315]. For a detailed discussion of the application
of surface photoelectron measurements in MHPs see ref [307].
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To quantify species, composition, and chemical states as a function of depth into a sample,
XPS is often combined with ion milling to sequentially remove and measure layers of material.
Typical sputtering sources range from monatomic ions like Ar+ or Cs+ to gas cluster ion beams
(GCIBs) like Ar2500+ or C60+. Whereas monotomic sources are commonly used for inorganic
samples [316], it has been widely shown that large clusters, with lower energy per atom (E/n),
tend to perform better at removing organic materials with minimal damage and contamination
[317–321].
For samples that contain both organic and inorganic components, achieving uniform sput-
tering of all components can be quite challenging, as these species tend to have substantially
different sputtering rates for the same source [322]. These differential sputtering rates, along
with damage accumulation and beam-induced species migration within films, can result in sig-
nificant measurement artifacts. For example, Noël et al. find that the sharpness of the interface
between metallic (Au or Cr) and organic (Tyrosine) layers depends substantially on the order
of the layers. When tyrosine is the top layer, and therefore sputtered first, the interface appears
relatively sharp, and little organic signal persists into the metal layer. When the metal layer is
on top, however, the Cs+ ion beam induces substantial migration of the metal into the organic,
which persists throughout the entire depth of the organic layer [323]. Differential etching rates
have even been observed for all-inorganic materials such as tantalum pentoxide, where prefer-
ential sputtering of oxygen is larger for monotomic ions compared to an argon cluster source,
and thus the ratio of Ta to O appears different depending on the sputtering source [324]. As
such, great care must be taken in order to separate such measurement artifacts from real sample
properties.
Due to the multi-component nature of MHP materials (often with several A-site and X-
site species), as well the intrinsic hybrid (organic-inorganic) nature of common MHPs, it is
no surprise that depth-profiling techniques reliant on ion sputtering would encounter similar
challenges. Indeed, Harvey et al. have recently shown that gradients in A-site organic cations
observed in depth-profiled ToF-SIMS are measurement artifacts due to beam damage from the
primary ion beam, and not real compositional gradients through the MHP film [321]. In addition
to this organic A-site gradient artifact, many reports show the existence of substantial elemental
Pb (Pb0) in addition to Pb2+ in APbX3 films [297, 325–327]; it is unclear whether Pb0 ex-
ists in the film prior to sputtering or if it is a measurement artifact. Another challenge is the
non-stoichiometric halogen/metal ratio that is documented for nearly all MHP depth-profiled
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XPS measurements. Whereas this ratio would be 3 for a phase-pure MHP like MAPbI3, the
reported experimental value is consistently lower [262, 297, 326–329]. While often attributed
to the existence of excess precursor domains, the ubiquity of this smaller-than-stoichiometric
halogen/metal ratio may suggest some contribution from the measurement technique.
Despite these challenges, only a few reports have provided an in-depth investigation of ion
sputtering in MHPs. The first is a detailed study on the effects of different sputtering conditions
on a state-of-the-art triple cation (FAxCs1−xPbI3)0.85(MAPbBr3)0.15 MHP [297]. Here, Noël et
al. employ five different ion sources including monatomic beams (Ar+ and Cs+) and Ar+n clus-
ters (n=500, 1000, 4000) as well as a wide energy-per-atom range (2.5 eV to 1 keV). Compared
to Ar+, they find that 500 eV Cs+ results in nearly material-independent sputtering rates, sharp
interfaces, and stable ToF-SIMS molecular profiles. Large, low energy GCIB sources (n >
500, E < 10 keV) preferentially sputter the organic A-site cation and show ineffective removal
of metallic species like Pb. By optimizing the GCIB parameters to higher-energy, medium-size
clusters (300< n< 500, E/n> 20 eV), they are able to minimize the damage accumulation and
achieve more consistent etching rates. Similarly, Harvey et al. explore sputtering conditions for
ToF-SIMS to minimize damage accumulation from the high-energy bismuth primary ion beam
(30 keV) [321]. Damage reduction is achieved by increasing the sputtering time between analy-
sis cycles and by switching to a high-energy (∼40 eV/atom) GCIB source. These investigations
highlight the importance of optimizing sputtering conditions to minimize artifacts and sample
damage for MHP materials, yet leave many unanswered questions like the origins of Pb0 signals
and non-stoichiometric halogen/metal ratios.
The continued development of depth-profiled techniques to investigate MHP materials is
highly valuable as it can help answer increasingly important questions relating to the distribution
and segregation of ionic species in MHPs, the nature of interfaces, the environmental stability
of MHP materials, and how stoichiometry and processing conditions impact these properties.
In the following sections, we combine depth-profiling measurements and other characterization
techniques to investigate the impact of measurement conditions on a variety of MHP materials
and the causes of non-stoichiometric observations in XPS measurements. We then apply these
techniques to probe novel MHP-MHP heterojunctions described in Chapter 6.
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7.2 Experimental Methods
All XPS measurements were performed by Dr. Jennifer Mann at Physical Electronics, inc. using
a Physical Electronics VersaProbe III Scanning XPS Microprobe with monochromatic Al Kα
(1486.6 eV) X-rays. Sputter sources, energies, currents, raster size, sample rotation, and pass
energies varied by sample; details for all experiments can be seen in Table G.1. The binding
energy scale of all spectra was charge corrected by taking the location of the adventitious carbon
C 1s peak observed in the first cycle (before any sputtering has occurred) and shifting it to 284.8
eV. Samples were mounted on a sample carrier with non-conductive double-sided adhesive tape.
Dual beam charge neutralization, consisting of a beam of low energy (∼1 eV) electrons and
low energy (∼8 eV) Ar+ ions was used during all data acquisitions. All data were processed
using Physical Electronics’ MultiPak data reduction software (version 9.9.1.1). For additional
experimental details and descriptions, see Appendix G.
7.3 Probing differential etching rates in organic MHPs
As mentioned in Section 7.1, minimal studies have systematically investigated how sputtering
conditions impact XPS profiles for MHP materials. Furthermore, no studies have applied this
technique to Sn-based MHPs, which tend to be more environmentally unstable than their lead-
based counterparts. To investigate the impact of sputter source on tin MHPs, we performed XPS
depth profiles using four different sputtering sources as seen in Figure 7.2: C+60 (20 kV/20 nA),
Ar+620 (20 kV/10 nA), Ar
+
2500 (20 kV/40 nA), and Ar
+ (500 eV/500 nA). Additional experimen-
tal details can be found in Appendix G.
As seen in Figure 7.2, the choice of sputtering source has a substantial impact on several
aspects of the XPS sputter depth profiles. By tracking signals corresponding to the perovskite (C
1s, N 1s, Br 3d, Sn 3d5) and the substrate (Si 2p, O 1s), we can observe that the time required to
sputter through the MHP material changes significantly between the four sputtering conditions.
Whereas 20 kV/40 nA Ar+2500 (Figure 7.2c) rapidly removes the MHP material (on the order of
∼100 nm in 5 minutes), this same film thickness takes over twice as long to be removed when
using 500 eV/500 nA monatomic Ar+ (Figure 7.2d). The rate of MHP removal with 20 kV/20
nA C+60 (Figure 7.2a) and 20 kV/10 nA Ar
+
620 (Figure 7.2b) fall between these extremes.
We can also use the profiles in Figure 7.2 to evaluate differential sputtering by assessing
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Figure 7.2. XPS depth profiles for ∼100 nm thick MASnBr3 films as a function of sputter
source: (a) 20 kV C+60 (333 eV/atom), (b) 20 kV Ar
+
620 (32 eV/atom), (c) 20 kV Ar
+
2500 (8
eV/atom) and (d) 500 eV Ar+ (500 eV/atom). Adventitious carbon signal is not included in C
1s trace. All MASnBr3 films were prepared identically in a single CGAVD growth.
relative concentrations of elements and how consistent those concentrations are over time. As
observed in the literature, the ratio of halogen/metal in our case is lower than the stoichiometric
condition (Br/Sn=3) for all sputter sources: whereas the Br 3d signal is lower than the stoichio-
metric condition (50 at%), the Sn concentration is higher than stoichiometric (16.7 at%) as seen
in Figure 7.2.
Both of these metrics, sputter rate and Br/Sn ratio, can be explored in more detail by calcu-
lating quantitative metrics. To determine sputter rates for different sputtering source conditions,
we first define the portions of the sputter profile corresponding to the film and the substrate.
While the exact location of the interface between the substrate and film is hard to pinpoint due
to differential sputtering discussed in Section 7.1 as well as film roughness, we can define the
crossover time, tcrossover, as the time at which the substrate contribution to the total signal is
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Figure 7.3. Depiction of ”crossover
time” calculation for the data pre-
sented in Figure 7.2b (Ar+620), where
the signals from elements in the film
(C, N, Br, Sn) and elements in the sub-
strate (Si, O) are summed to calcu-
late their respective total atomic con-
centrations (red and blue traces). The
”crossover time” is the time at which
these traces cross (in this case, ∼6.4
minutes); the XPS spectra prior to this
point are denoted as the ”film” and af-
ter this point as the ”substrate.”
larger than the contribution from the MHP film (in at%). This is equivalent to the time at which
the total concentration of signals from elements in the film (C, N, Br, Sn) drop below 50% and
the total concentration of signals from the substrate (Si, O) increase above 50%:
tcrossover (min) = time at which Si + O > 50 at% (7.2)
This determination of crossover time and the resulting definition of which XPS sputter times
corrsespond to the ”film” and the ”substrate” are presented in Figure 7.3 using the Ar+620 data
from Figure 7.2b. Here, the red and blue traces correspond to the total atomic concentration of
the MHP film and substrate, respectively. The ”crossover time” is the time at which these traces
cross (in this case, ∼6.4 minutes). Based on this crossover time, the XPS spectra prior to this
time point are denoted as the ”film” and after this point as the ”substrate.”
An approximate sputtering rate (rsputter) for the MHP, based on this determination of the





Performing this calculation for each profile in Figure 7.2 results in the sputter rates shown





MHP material at a similar rate (12-17 nm/min), but the monatomic Ar+ is substantially slower
(∼4 nm/min). While these sputter rates can provide guidance on the conditions needed for XPS
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Figure 7.4. Approximate sputtering rate (a) and
Br/Sn ratio (b) for the MASnBr3 XPS sputter pro-
files depicted in Figure 7.2 as a function of sputter
source at the given conditions. Sputter rate is cal-
culation according to Equation 7.3 and Br/Sn ratio
is the average ratio of Br 3d/Sn 3d5 throughout the
film (not including the first sputter cycle); error bars
are min and max values in this range.
depth profiling, e.g. which sputter conditions give the best depth resolution, it should be noted
that there are other means to control sputtering rate including the ion beam raster area, energy,
and current. Noel et al., for instance, achieve more than a doubling of sputtering rate when
increasing from 500 eV to 1 keV Cs+ sputtering source [297].
Similarly, the Br/Sn ratio can be calculated by taking the average of Br 3d (at%)/Sn 3d5(at%)
signals for the sputter times that correspond to the MHP film, as shown in Figure 7.4b. In this
case, error bars correspond to min and max values during this time, and the initial time point
(where signals are attenuated due to surface contamination) is excluded for clarity. All sources
result in a Br/Sn ratio ranging between 1 and 1.7, which are far below the ideal value of 3 that
would be expected for a perfectly stoichiometric film in the absence of differential sputtering.
As discussed in Section 7.1, this lower-than-expected halogen/metal ratio is ubiquitous to XPS
sputter profile measurements on MHPs, and is often ascribed to excess precursor phases and/or
metallic clusters within the film [262, 297, 326–329]. It should be noted that the MASnBr3
films used for these profiles had no observed excess crystalline precursor phases as measured
by XRD (Figure G.2). Despite the low absolute Br/Sn values for all sputter sources, Figure 7.4b
shows that C+60 and Ar
+
620 have the most stable halogen/metal ratios (i.e. smallest error bars),
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Figure 7.5. Persistence of C, N, Br, and Sn sig-
nals after the substrate has been reached for the
MASnBr3 XPS sputter profiles depicted in Fig-
ure 7.2. Tail length is calculated as the time at
which each signal is less than 10% of its max
counts minus tcrossover; a tail length of 0 means
that signal drops below of 10% of its max signal
at the same time that the substrate accounts for
>50 % of the total at%. Whereas each species is
removed at a similar time with C+60, Sn species
persists for a long time after MA is removed for
Ar+2500.
and Ar+ appears to have the least stable as well as lowest value. This data indicates that C+60 and
Ar+620 may minimize differential sputtering of halogen and metal components and thus could be
the best choices for MHP materials.





and monatomic Ar+, we can look at how long different elements in the MHP material persist in
the XPS sputter profiles. For signals corresponding to each element in the MHP (C 1s, N 1s, Br
3d, Sn 3d5), we define ”tail length” Ltail,i of species ’i’ as the time at which the species signal
drops below 10% of its maximum (i.e. the tail length time ti@10%ofmax), minus tcrossover:
Ltail,i(min) = ti@10%ofmax(min)− tcrossover(min) (7.4)
Again using the Ar+620 data in Figure 7.2b as an example, we see that the Br 3d trace has
a maximum value of 48.5 at%, and it drops below 10% of this value (4.85 at%) at a sputter
time of ∼9 minutes. From Figure 7.3, we know tcrossover∼6.4 minutes, and thus Ltail,i ∼2.6
minutes for this example. As such, a positive tail length means the species signal persists after
tcrossover, and a negative tail indicates the signal disappears prior to tcrossover.
Repeating for each species and sputter source, we construct Figure 7.5. For a condition
with no preferential sputtering between the elements that make up the MHP (in this case C, N,
Br, Sn), we would expect the tail length for these species to be exactly equal; the larger the
difference in tail length between two elements, the larger the degree of differential sputtering
exists between these elements. As such, Figure 7.5 clearly demonstrates that the C+60 sputtering
source results in the lowest amount of differential sputtering for MASnBr3 films, followed by
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Figure 7.6. Comparison of metallic species damage vs. sputter source in XPS depth profiles.
(a) Sn 3d5 peaks corresponding to the data in Figure 7.2d as a function of sputter cycle, where
the damage presents as a low binding energy peak that grows in time. (b) Relative areas of Sn
signal attributed to perovskite peak (purple) and damage peak (blue), calculated by fitting and
integrating the peaks in (a) using MultiPak. (c) Ratio of damage peak area / total Sn peak area
for all four depth profiles shown in Figure 7.2.
Ar+620. In contrast, Ar
+ has substantially different tail lengths: whereas the organics are removed
efficiently (dissapearing before tcrossover), metallic and halogen species persist for a long time
after the substrate is reached.1.
In addition to, and potentially coupled with, the observed preferential sputtering in MHP
films is the issue of metallic species damage during ion milling. When MHP films are sputtered,
metallic species damage often presents as a secondary, lower binding energy peak. As seen in
Figure 7.6a, this lower energy peak (located in this case at ∼493.5 eV for Sn damage in a
MASnBr3 MHP) is quite small for initial sputter cycles, and grows in intensity as ion milling
1Note that tail lengths for Ar+ had to be extrapolated as they never dropped below 10% of their maximum signal
within the measurement window, as shown in Figure 7.2
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continues. While this damage peak is often ascribed to elemental metal (in this case, Sn0),
additional calibration would be needed to verify this assignment, and as such we will denote it
simply as a damage peak going forward.
To quantitatively compare the amount of Sn signal originating from this damage peak, we
calculate the area of the Sn peak associated with the perovskite as well as the area of the damage
peak using MultiPak software. This results in the curves shown in Figure 7.6b, highlighting the
increase in damage as a function of sputter time. To compare different source conditions, we
convert sputter time to distance from the substrate (dsub) using the film thickness and crossover
time:
dsub (nm) = rsputter (nm/min) x sputter time (min) - FT (nm) (7.5)
Taking the ratio of the damage area to the total Sn peak area for all sputter sources and
plotting vs. dsub results in the 7.6c. Here, we observe clearly that Ar+ results in the most




2500 cause relatively little Sn
damage in MASnBr3 films.
Taken together, these analyses point to C+60 as an ideal sputtering source for MHP materials,
as it results in the good halogen/metal stability, the smallest amount of differential sputtering,
and minimal Sn damage.
7.4 Investigation of low halogen/metal ratios
As shown in Section 7.3, our XPS sputter profiles show a halogen/metal ratio that is substan-
tially lower than 3, the value that would be expected as the films appear stoichiometric in X-ray
diffraction measurements. In order to determine if this is due to a measurement artifact or if
there is indeed excess precursor or metallic regions in the films (as is often cited in the litera-
ture), we performed two sets of experiments.
First, we investigated the I/Sn ratio in MASnI3 films as a function of excess precursor
measured using XRD. By using the CGAVD system as described in Chapter 4, we fabricated
four MASnI3 films with varying precursor ratios. As shown in the XRD patterns in Figure
7.7a, two of these films were stoichiometric, one had measurable excess MAI, and one had
measurable excess SnI2.
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Figure 7.7. Comparison of halogen/metal ratio in MASnI3 films with varying precursor ratios.
(a) XRD of four films measured with XPS, including one with excess MAI, one with excess
SnI2, and two with no excess precursor (stoichiometric). X-ray diffraction was collected using a
PANalytical X’pert PRO diffractometer with Co Kα radiation (λ=1.7889 Å). (b) Halogen/metal
ratios calculated for these four films (stoichiometric datapoint includes two films); error bars
indicate minimum and maximum value measured in film during sputtering.
Figure 7.7b shows the measured I/Sn ratios for these films, where error bars indicate mini-
mum and maximum values measured during sputtering (full XPS spectra shown in Figure G.10).
Ratios are calculated for only the ”film” portion of these spectra as defined by Figure 7.3, except
for the excess MAI film, in which the Sn signal dropped off prior to the I signal; for this film
the I/Sn ratio was calculated during the first 6 minutes of sputtering. Figure 7.7b demonstrates
the ability to observe ratios of halogen/metal that follow an expected trend based on whether
there is excess precursor phases measured with XRD. Excess SnI2 in a film would result in I/Sn
ratios <3, whereas we would expect >3 I/Sn ratios for a film with excess MAI. Indeed, these
overall trends are shown in Figure 7.7b.
Despite this ability to see expected trends reflected in measured halogen/metal ratios in
our XPS depth profiles, this data does not provide proof about the origin of the lower than
three value for the case in which there is no excess precursor measured in the film (i.e. the
stoichiometric case). To explore whether or not the low halogen/metal ratio measured with XPS
is reflective of the true ratio in the film or is due to a measurment artifact, we performed XRD,
XPS, and Rutherford backscattering (RBS) on identically prepared MAPbI3 films. Details of
RBS experiments and fitting can be found in Section G.2.2.
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Figure 7.8. Comparison of halogen/metal ratio for MAPbI3 extracted from RBS and XPS
measurements. (a) RBS data for four MAPbI3 films that appear stoichiometric in XRD, with
fit shown for 2.9/1 ratio and simulations for 2.5/1 and 2/1 ratios. Table inset shows I/Pb ratio
calculated for 4 films by peak integration of RBS data. (b) I/Pb ratios measured in XPS using
different ion sources, calculated including entire Pb signal (both perovskite and damage Pb
peaks), and just perovskite Pb peak. Error bars correspond to max and min ratios.
XRD measurements performed showed no excess precursor peaks (Figure G.3) for four
MAPbI3 films. RBS data taken on the same four films is presented in Figure 7.8a, where the
four films show nearly idential RBS spectra. I/Pb ratios calculated from peak integration are
shown in the inset, with values of I/Pb=2.91±0.02. Combined with the XRD data, this RBS
data confirms that our films have a true I/Pb content close to 3. Subsequent XPS measurements
on these films, however, result in halogen/metal ratios substantially lower than 2.9, which is
consistant with our previous XPS measurements as well as the literature. Figure 7.8b shows the
average I/Pb ratio extracted from XPS measurements for three different sputter sources (C+60,
Ar+620, and Ar
+
1800), which all fall substantially below 2.9. As with our previous measurements
on MASnBr3 using different sputtering sources, C+60 and Ar
+
620 perform better than Ar
+
1800 in
that they have the hightest I/Pb ratio and the smallest error bars. Interestingly, exclusion of the
damage Pb peak results in a slightly higher I/Pb ratio (blue squares in Figure 7.8b) compared to
that calculated when using the total Pb signal (red circles). While exclusion of the damage peak
does not result in a ∼3 I/Pb ratio, this result does suggest that part of the low halogen/metal
ratio observed in the literature arises from inclusion of the metallic damage signal when cal-
culating atomic percentages in XPS depth profiles. Based on these results, we can conclude
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that the lower-than-stoichiometric halogen/metal ratios we observe, and perhaps also those that
are commonly observed in the literature, are mainly due to differential sputtering/measurement
artifacts arising from ion milling in XPS. This finding motivates further study of the origins of
XPS depth profiled artifacts in MHPs as well as the need for careful analysis and interpretation
of ion milling techniques when applied to MHP materials.
7.5 XPS depth profiles to probe layered structures
After determining C+60 to be the ideal sputtering source to minimize damage and differential
sputtering, we apply XPS depth profiling to probe interfaces of multilayer MHP heterojunction
films. Two types MHP heterostructures were studied with XPS: MAPbBr3/MASnBr3 (where
only the B-site is different between the two layers) and FAPbBr3/MASnBr3 (where both the A-
and B-sites vary between the layers). The growth of these heterostructures is described in detail
in Chapter 6 and additional details for these XPS experiments can be found in Appendix G.
7.5.1 MAPbBr3/MASnBr3
As described in Chapter 6, no mixing was observed for any MAPbBr3/MASnBr3 heterojunc-
tions. As such, we would expect the Sn and Pb elements to be contained within their respective
layers. Probing these structures with depth profiled XPS confirms this expectation as shown
in Figure 7.9. As a function of sputter time, Figure 7.9a shows a transition from high Sn 3d
photoelectron intensity, originating from the top MASnBr3 layer (∼110 nm thick), to the Pb
4f photoelectrons originating from the bottom MAPbBr3 layer (∼70 nm thick). After 5 min-
utes of sputtering, the Si 2p signal from the glass substrate is observed. Residual Sn and Pb
counts which persist after reaching the substrate are attributed to inefficient removal of metallic
species and differences in sputtering rates between organic, metallic, and halogen species, both
of which have been discussed in detail in Sections 7.1 and 7.3.
Interestingly, the apparent sharpness of the Sn/Pb interface depends on whether the metallic
damage peaks are included when calculating atomic concentration. Figure 7.9b shows the Sn
3d5 and Pb 4f profiles when including total metallic peak area, just the perovskite peak area, and
just the damage peak area. As observed in Section 7.3, the area of the damage peak is initially
small but increases with sputter time, eventually becoming a significant fraction of the total
metal signal for both lead and tin. The result is that including the total metallic peak area results
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Figure 7.9. XPS depth profiles of MAPbBr3/MASnBr3 heterojunctions using 20 kv/20 nA C+60,
highlighting separation of Sn and Pb elements in their corresponding layers. Grey area after 7
minutes indicates substrate as defined by Equation 7.2 (a) Atomic concentrations including all
metallic signals (perovskite and damage peaks), (b) plot of Sn 3d5 and Pb 4f separated into
contributions from perovskite peak and damage peaks.
in Sn and Pb profiles that persist long into the substrate. However when only the perovskite
portion of these signals are included, the interface between Sn and Pb appears sharper and the
intensity of the tails into the substrate is much lower. Full XPS spectra for Sn and Pb as a
function of sputter time are shown in Figure G.25.
In addition to confirming the heterojunction formation for MAPbBr3/MASnBr3 using depth
profiled XPS, we also performed preliminary depth profiled UPS experiments on these samples
(for details see Appendix G). For these measurements, the raster area was increased during sput-
tering as compared to the conditions in Figure 7.9 (6x6 mm instead of 4x4mm) - this resulted
in a slower sputtering rate and a greater depth resolution. As shown in Figure 7.10a, the corre-
sponding crossover between the Sn 3d5 and Pb 4f signals occurs at ∼12 minutes as opposed to
∼3.5 minutes in Figure 7.9. Figure 7.10b shows the UPS profiles as a function of sputter time
using this larger raster area. Here, pink traces correspond to the first 12 minutes of sputtering
in which the Sn dominates (i.e. the MASnBr3 film) and blue traces correspond to timepoints in
the MAPbBr3 film. Whereas the low binding energy region (shown in the inset of Figure 7.10b)
of the UPS spectra is relatively stable for sputter times corresponding to the MASnBr3 film,
upon reaching the MAPbBr3 film the onset of the spectra shifts to higher binding energy. While
additional UPS measurements would need to be performed to confirm this result, the difference
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Figure 7.10. XPS and UPS depth profiles of MAPbBr3/MASnBr3 heterojunction using 20
kv/20 nA C+60 rastered over 6x6mm. (a) XPS depth profiles at the UPS sputtering conditions
to determine the sputtering time required to reach the interface of the MAPbBr3 and MASnBr3
films, in this case, the interface is 12 minutes. (b) UPS spectra as a function of sputter time.
Pink traces are spectra that correspond to the MASnBr3 film (2-12 minutes), blue traces corre-
spond to the MAPbBr3 film (>12 minutes). Inset shows close-up of low binding energy region,
highlighting the shift in ionization energy of 0.5-1 eV for MASnBr3 and MAPbBr3 films.
in onset appears to be 0.5-1 eV, which is typical of the difference in ionization energies reported
for MAPbBr3 and MASnBr3 [330].
7.5.2 FAPbBr3/MASnBr3
Building off of the results performing depth profiling on MAPbBr3/MASnBr3 heterojunctions,
we then probed slightly more complicated FAPbBr3/MASnBr3 heterojunctions, where both the
A- and B-sites are varying across the interface. Specifically, depth profiled XPS was used in this
case to carefully probe which species (A-site or B-site) was responsible for the observed mix-
ing of these heterojunctions (Chapter 6). As such, we performed depth profiles on “unmixed”
(measured<100 hrs after deposition) and “mixed” (measured>1500 hrs after deposition) films.
Figure 7.11 shows the full XPS depth profiles for these two cases. We can see that the sharpness
of the transition between Sn 3d5 and Pb 4f photoelectron intensity profiles appears unchanged
for the two cases, indicating minimal diffusion of the B-site cations (Sn2+ and Pb2+) across the
heterojunction interface. This suggests that the mixing observed in XRD and UVvis measure-
ments is likely due to A-site diffusion.
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Figure 7.11. XPS depth profiles of unmixed (a) and mixed (b) FAPbBr3/MASnBr3 hetero-
junctions. The sharpness of the transition from Sn 3d5 and Pb 4f profiles appears similar for
both mixed and unmixed films, indicating minimal diffusion of the B-site. However, the relative
intensities of the C 1s and N 1s signals corresponding to MA+ and FA+ species differ dramat-
ically for the unmixed and mixed cases: whereas both are present at the surface of the mixed
film, the unmixed heterojunction contains regions where only one signal is present.
Fortunately, XPS depth profiling is particularly useful in tracking the organic A-site species
in this heterojunction as the different bonding environments for MA+ (C-N single bond) and
FA+ (C=N double bond) result in resolvable differences in binding energies [308]. Figure 7.12
shows the XPS profiles as a function of sputter time for C 1s and N 1s signals of unmixed
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Figure 7.12. C 1s and N 1s XPS profiles of unmixed (a) and (b) and mixed (c) and (d)
FAPbBr3/MASnBr3 Heterojunctions. Signals from both MA+ and FA+ are present at the sur-
face for the mixed case, whereas the unmixed case has regions of only MA+ and only FA+
signals. Note the low energy C 1s peak in (a) at 284.8 eV is due to adventitious carbon at the
surface of the film.
and mixed FAPbBr3/MASnBr3 heterojunctions. For nitrogen, the N 1s binding energy is ∼403
eV in MA+ and ∼401 eV in FA+. Similarly, the binding energy for carbon C 1s is ∼287
eV in MA+ and ∼290 eV in FA+. For the unmixed cases (7.12 (a) and (b)), both C and N
show only contributions from MA+ in the top layer of the heterojunction corresponding to the
MASnBr3 film. As sputtering time increases, a peak corresponding to FA+ emerges, and there
are some sputtering time points (e.g 7 minutes for C 1s and 5 minutes for N 1s) where peaks
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corresponding to both FA+ and MA+ are present simultaneously. This could be due to some
mixing present in this sample and/or beam-induced migration of these species. However, with
additional sputtering time, both C 1s and N 1s signals eventually show only an FA+ peak with
no MA+ contribution. This indicates that there are regions in these heterostructures without
substantial A-site mixing.
In contrast, the carbon and nitrogen profiles for the mixed FAPbBr3/MASnBr3 heterojunc-
tions show contributions from both FA+ and MA+ at the surface of the film (7.12 (c) and (d)).
The presence of the FA+ species at the surface of the FAPbBr3/MASnBr3 heterojunction con-
firms the diffusion of the A-site species from the bottom layer through the entirety of the top
layer, thus suggesting that A-site diffusion is responsible for the mixing seen in Chapter 6.
7.6 Summary
In summary, we probed the impact of sputtering conditions on MHP XPS depth profiles by





+) on MASnBr3 MHPs.
By quantitatively analyzing sputtering rate, halogen/metal ratios, degree of differential sputter-
ing, and metallic species damage, we conclude that C+60 performs best for MHPs. Our results
provide valuable direction for choosing sputtering conditions for MHP materials, as well as
showcasing these results for tin perovskites which had not been reported previously. We also
explore in detail the origins of the non-stoichiometric halogen/metal ratio that is ubiquitous for
ion-sputtering depth profiling in MHPs. By performing XRD, RBS, ad XPS measurements in
tandem, we show that low halogen/metal ratios are predominantly due to measurement arti-
facts from sputtering and are not inherent to the film chemistry. This definitive conclusion is
in contrast to common assumptions made in the literature, and motivates the need to optimize
sputtering conditions for MHPs as well as perform careful data analysis and interpretation.
We then employ our best-performing C+60 source to probe the interfaces and diffusion in
all-perovskite heterojunctions. We are able to show successful heterojunction formation for
MAPbBr3/MASnBr3 and FAPbBr3/MASnBr3 layered structures, and determine that organic
A-site species are migrating across FAPbBr3/MASnBr3 interfaces that show mixing.
Chapter 8
Conclusions and Future Work
8.1 Summary and Conclusions
My dissertation work presented herein has focused on the development and application of a
carrier-gas assisted vapor deposition (CGAVD) technique for metal-halide perovskite (MHP)
thin films. This CGAVD method is advantageous because it enables substantial tunability in
film stoichiometry and morphology, which in turn dictate MHP material properties and device
performance, because it allows the deposition of novel multi-layer films typically inaccessible
using ubiquitous solution-based techniques, and because it has the potential to be commercially
relevant due to its high material utilization efficiency and medium-vacuum requirements. De-
spite these advantages, CGAVD is nearly unexplored in the vast and quickly growing field of
MHPs, perhaps due to the large parameter space afforded by CGAVD and the resulting need
for a detailed understanding of how experimental conditions impact deposition. Broadly, my
thesis work sought to methodically develop and explore the use of CGAVD for MHP materials
in order to showcase the capabilities of this technique and to build a foundation of knowledge
such that other researchers may more easily utilize this method going forward.
The substantive portion of my thesis work begins in Chapter 4, which describes the de-
sign and validation of the initial prototype and final CGAVD systems. First, a set of design
goals/success criteria are defined to guide our design towards the ability to grow MHP films
that are relevant for incorporation into optoelectronic devices like solar cells and LEDs. The
successful growth of a MASnI3 perovskite using our simple one-source prototype design served
as a proof-of-concept and motivated the investment in a more complex 4-source system with a
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cooled substrate holder. Details of this final system, including conceptual requirements and
operating principles, individual part mechanical designs, finite-element analyses, and experi-
mental verification are described in detail. Importantly, this design has six independently con-
trollable temperatures, pressures, and flow rates that enable a wide parameter space with which
to tune deposition conditions. Finally, we present the development and validation of an ana-
lytical model to describe material transport in this system for both deposition of individual and
multiple MHP precursor species, along with experimental results to confirm this model and
measure our system against our success criteria. Throughout this development and validation
process, we find that our deposition rate is limited by material convection out of the source and
not diffusion across the velocity boundary layer near the substrate, and that our analytical model
accurately represents our experimental results when this rate of diffusion→∞. Finally, we ob-
serve that our CGAVD technique is robust in the sense that, for substrate temperatures above
∼25 °C, there is a stoichiometrically self-correcting window of deposition. In this window, the
MHP films appear to reject excess precursor in the case of imbalanced precursor fluxes, result-
ing in a stoichiometric film over a relatively wide range of non-stoichiometric precursor flux
rates. This finding not only relaxes the logistical requirement for exactly balanced precursor
fluxes, but also allows us to tune film properties while maintaining a nominally stoichiometric
film.
Chapter 5 showcases the power of the CGAVD technique to enable the systematic tuning
of MHP film stoichiometry and morphology. First, I used the analytical model developed in
Chapter 4 to systematically tune MABr:SnBr2 flux ratios and realize a corresponding change
in grain size and crystallinity. For ∼ 80% molar excess SnBr2, we see small grain size (0.003
µm2) and low-intensity XRD diffraction peaks. Both of these metrics increase monotonically
for increasing MABr fluxes, up to a grain size of over 0.2 µm2 for ∼ 80% molar excess MABr.
In addition to this morphological tuning, we also observe a change in electrical properties with
changing precursor flux ratios. Collaborating with Bryan Voigt (advised by Profs. Aydil and
Leighton) who performed resistivity and Hall effect measurements, we find that we can tune
the resistivity, majority carrier density, and mobility of MASnI3 films by at least 1 order of
magnitude by tuning their stoichiometry. In order to tune film morphology independently from
stoichiometry, we also demonstrate the use of chamber pressure and substrate temperature to
control grain size and orientation. Depositing MASnBr3 films from pressures of 0.3 to 10 Torr
and substrate temperatures of 30 °C - 70 °C, we observe grain sizes ranging from less than 0.05
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µm2 (low P and Ts) to over 0.7 µm2 (high P and Ts). The last section of this chapter discusses
the results of using CGAVD to deposit MHPs on a variety of substrates. We have found that the
morphology of MHP films tends to be less sensitive to substrate (e.g. ITO, c-TiO2, glass) than
it is to deposition conditions like pressure, precursor flux rates, and substrate temperature. We
note that this ability to deposit films with similar morphologies on different surfaces provides an
opportunity to conduct meaningful studies with a variety of electron- and hole-transport layers.
Finally, we demonstrate our ability to deposit MHP films on flexible substrates like Kapton,
which are promising for the realization of cheap, lightweight, conformal MHP electronics.
The results presented in Chapter 6 are in many ways the crown jewel of my thesis re-
search. Here, we demonstrate the usefulness of vapor deposition techniques to fabricate all-
(3D) MHP layered structures which had not been reported previously in the literature. These
novel perovskite-perovskite heterojunctions are interesting for several reasons. The first is that
these structures are an ideal system to study ion migration in MHPs, and can be a vital method
to elucidate which species migrate within a perovskite lattice and how quickly, and how this
motion depends on defects, external stimuli, etc. Stable perovskite-perovskite heterojunctions
can also be used to improve existing optoelectronic devices like PVs; for instance, perovskite-
perovskite heterojunctions could be used to improve light absorption and energy transfer for
an HTM-free perovskite PV, as has been shown via simulations [273]. Finally, all-perovskite
heterojunctions may usher in new applications that take advantage of the substantial optical
and electronic tunability of MHP materials, for example by enabling the optimization of energy
band alignments for devices that require resonant tunneling or negative differential resistance
[274–277]. While some reports of reduced dimensionality MHP heterojunctions exist (e.g.
CsPbBr3/CsPbI3 nanowires), our work demonstrates the ability to form heterojunctions from
a variety of thin film 3D perovskites with a relatively facile technique. We further probe the
stability of these heterojunctions, and find two that appear stable >1500 hours when stored in
N2: MAPbBr3/MASnBr3 and CsPbBr3/MASnBr3. We also find that, in general, heterojunc-
tions where the halide is varied across the interface mix rapidly, which aligns well with other
reports that the halogen ion is the most mobile in the MHP lattice. We also probe the mixing of
the FAPbBr3/MASnBr3 heterojunction in detail using absorption, X-ray diffraction, and depth-
profiled XPS techniques, and show definitively that the A-site and not the B-site is migrating
across this interface. Finally, we tune the diffusion rate of this FAPbBr3/MASnBr3 heterojunc-
tion by altering the grain size of the bottom film, thereby providing design rules to improve the
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stability of these structures going forward.
In Chapter 7 I present the results of a collaboration with Jennifer Mann et al. at Physical
Electronics. In this work, we sought to understand and minimize measurement artifacts asso-
ciated with depth-profiled XPS measurements on MHPs. First, we investigate a variety of ion
beams and find that, of the conditions tested, 333 eV/atom C+60 minimize differential sputtering
and metallic species damage in tin-based MHPs. This result not only guides future experiments
using depth-profiled XPS, but establishes these rules for tin MHPs which, to our knowledge,
have not been published. We also investigate the origin of the ubiquitous non-stoichiometric
halogen/metal ratios (i.e. X/B < 3) reported in the literature for depth profiled techniques.
We combine XPS with RBS and XRD measurements and show definitively that this low halo-
gen/metal ratio is a measurement artifact and not a result of excess metallic species in the film,
which has been often hypothesized in the literature. Finally, we apply our optimized sputter-
ing conditions to investigate the all-perovskite MHPs described in Chapter 6, and confirm the
formation of MAPbBr3/MASnBr3 and FAPbBr3/MASnBr3 heterojunctions. Further, we take
advantage of XPS to differentiate between chemical binding states of carbon and nitrogen to
show that only the A-site and not the B-site is diffusing in the FAPbBr3/MASnBr3 structure.
In this Chapter, I conclude this work by describing potential future research directions as
well as a general outlook on the field of MHPs for optoelectronics.
8.2 Future Research Directions
8.2.1 Vapor-deposited Pb films for devices and heterojunctions
At the outset of my thesis work, it was unclear whether Sn (or some other element) might be-
come a viable replacement for lead in MHP materials in order to reduce their toxicity. However,
over the last 5 years, and as the quantity of research has increased dramatically, the practical
and health benefits of using Sn instead of Pb have become less promising. To the first point,
the efficiency of Sn-only perovskite PVs is still less than half of that of Pb-based PVs despite
substantial research focus on these materials [331, 332]. Second, and perhaps more impor-
tantly, it is unclear whether tin-based MHPs would be substantially less toxic/harmful than their
lead-based counterparts. While the full life cycle impacts of tin and lead MHPs on humans
and other species is not fully understood, preliminary studies show in some cases SnI2 can be
worse for aquatic species than PbI2 [57, 333]. Furthermore, innovative strategies to prevent
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Pb from leaching into the environment in the case of a catastrophic breaking of a solar cell
have been investigated, with promising results [160]. Finally, despite potential challenges with
permitting and public health, several startups (e.g. Oxford PV, Tandem PV) have been created
to commercialize Pb-based perovskite PVs. In light of all of these developments, it appears
increasingly likely that Pb MHPs will continue to be the technologically and practically most
important MHP for the near future.
As such, one major future project could be the application of the CGAVD technique to
grow and investigate Pb-perovskite films and devices. The ability of this technique to tune
stoichiometry and film morphology can be used to perform detailed investigations of process-
property-performance relationships in this material system, which can be challenging to access
using common solution based methods. For example, looking at how deposition conditions
impact carrier densities and mobilities, and corresponding PV device metrics, would provide
valuable tools to inform the optimization of these devices. Furthermore, the application and
development of this technique to Pb-MHPs is important to help transition the field to vapor-
based techniques, which may allow higher quality films with fewer defects in the long-run. The
work for this project has already been started by Wan-Ju Hsu, with promising results for the
deposition of PbI2. Future work will likely include mapping out thermodynamic properties (i.e.
sublimation enthalpy) of lead precursor materials like PbI2, investigating how film morphology
varies with deposition parameters for lead perovskites, and finally implementing these films in
devices to determine their performance vs. these deposition conditions.
In addition to investigating lead films on their own using CGAVD, it would be highly inter-
esting to begin to incorporate the heterojunction films described in Chapter 6 into devices. A
first attempt at this could be made either with solution or vapor process Pb-films,1 and could
look at the impact of this heterojunction on PV device performance. Optimization of MHP layer
thicknesses, in addition to optimization of the full device stack, could be done with Setfos or
similar software to determine the best configuration for carrier generation and transport prior to
experimental investigations.
1although this would impact whether the devices could be standard and/or inverted as solution processed MHPs
cannot be deposited on top of existing MHP layers
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8.2.2 Photoluminescence measurements to probe perovskite optical degradation
Despite the progress in utilizing MHPs for light-emitting devices [43, 50–56], there have been
no comprehensive investigations of the PL degradation of various MHP materials. Not only
would this information provide valuable insight into which MHPs would likely perform the
best in devices subject to light soaking, but it could also potentially provide a mechanism to
predict EL stability, as has been successful for some OLED devices [334, 335]. Using the
robust expertise our group has in probing EL and PL stability for organic materials to study
perovskite degradation could add valuable knowledge to the field regarding the stability of MHP
optoelectronics.
Initial work done by John Myers-Bangsund (measurement setup) and myself (film syn-
thesis) sought to use optical degradation as a method to perform a preliminary screening of
MHPs. Our goal was to determine which materials and processing conditions would be most
promising for integration into a stable PeLED device. Our first investigations included build-
ing the setup and probing the PL stability of five different spin-coated Pb films: CsPbBr3,
Cs0.06MA0.15FA0.79Pb(Br0.4I0.6)3, MA0.5FA0.5PbBr3, MAPbBr3, and FAPbBr3. The PL spec-
tra and XRD patterns for these films can be seen in Figure 8.1.
Figure 8.1. (a) PL spectra and (b) XRD patterns for optical stability tests on five spin coated
led MHPs. Here, CsFAMAPb(BrI)3 = Cs0.06MA0.15FA0.79Pb(Br0.4I0.6)3 and MAFAPbBr3 =
MA0.5FA0.5PbBr3. The orange circle in (b) denotes an unknown non-stoichiometric phase
present in the CsFAMAPb(BrI)3 film. A simulated XRD pattern for FAPbBr3 is shown for ref-
erence. PL spectra were taken with the PTI. X-ray diffraction was collected using a PANalytical
X’pert PRO diffractometer with Co Kα radiation (λ=1.7889 Å).
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After spin coating, these films were loaded into a testing apparatus, which included a 405
or 473 nm laser source, Arduino-controlled shutter, beam expander, aperture and splitter, and
filter wheel [335]. Initial experiments illuminated our MHP films at ∼25 W/cm2, and PL was
collected over time. Example spectra are shown in Figure 8.2 for CsPbBr3 and FAPbBr3, with
and without a passivating TOPO (trioctylphosphine oxide) treatment. We use these spectra
to calculate t80, or the time at which the PL intensity reaches 80% of it’s initial value. This is
shown in Figure 8.2c. Here, we can see that the PL lifetime of our CsPbBr3 films is substantially
better than our FAPbBr3 films. Passivation and a longer annealing time (60 min instead of 10
min at ∼100 °C) also improves the PL lifetime substantially for CsPbBr3. Using the conditions
here, lifetimes for MA0.5FA0.5PbBr3 and MAPbBr3 were so short that it was difficult to even
calculate t80.
Interestingly, the Cs0.06MA0.15FA0.79Pb(Br0.4I0.6)3 film showed photobrightening behav-
ior, which has been observed before for these mixed A- and X-site MHPs and may be due to
phase segregation in these materials [336]. An example of this effect can be seen in Figure 8.3,
where the intensity of the PL signal first drops sharply but then increases with time. In our
measurements, this behavior was convoluted with increased scattering over time, which was
also observed visually as the films appeared cloudy after our measurements.
Our preliminary results show that current 3D MHPs made via spin coating in our lab degrade
rapidly under ∼25 W/cm2 473 nm excitation. Among the single A- and B- site MHPs tested,
CsPbBr3 performed the best. We also showed that surface passivation (via TOPO) and increased
Figure 8.2. (a) Photodetector current, (b) normalized PL spectra, and (c) t80 plotted for CsPbBr3
and FAPbBr3 films with and without TOPO treatment. Two annealing conditions for CsPbBr3
are also included. The PL lifetime of CsPbBr3 is substantially longer than for FAPbBr3, and is
further increase with TOPO passivation and a longer annealing time.
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Figure 8.3. Photobrightening behavior
of Cs0.06MA0.15FA0.79Pb(Br0.4I0.6)3 film,
where PL intensity increases over time.
This has been observed elsewhere in the
literature, and is often attributed to phase
segregation [336].
annealing time for CsPbBr3 had a large impact on t80. Future research could include optimiza-
tion of this setup to improve results (e.g. reducing the beam intensity) and further screening of
green MHP QDs (purchased from Sigma-Aldrich) and 2D/3D MHPs. After screening for the
most promising initial candidates, these could then be incorporated into a PeLED architecture
to assess their stability in a functioning device.
8.2.3 Ultrafast Transmission Electron Microscopy
The interaction between phonons and charge carriers in MHPs are likely to influence material
properties key to their successful application in optoelectronic devices (e.g. non-radiative re-
combination and carrier scattering processes) [93, 117, 337]. Yet the fundamental mechanisms
governing phonon-carrier interactions are not well understood. One of the key open questions
in the field of MHPs, for example, is the discrepancy between the observed and expected elec-
tron and hole mobilities. Whereas the effective masses of MHPs are low (∼0.2 m0) and on-par
with inorganic semiconductors like Si and GaAs, the mobilities of MHPs are often 1-2 orders of
magnitude lower than for inorganics [93]. To make sense of this discrepancy, several common
models used to describe carrier mobility due to lattice scattering have been applied, yet all are
insufficient to capture both the magnitude (<200 cm2/Vs) and temperature dependence (T−1.5)
of carrier mobility in MHPs [93, 338]. As such, it appears that the standard canonical models
of carrier scattering may be insufficient to describe the behavior in MHPs, potentially due to the
mechanically soft, molecularly dynamic, and anharmonic vibratory nature of the MHP lattice
[93, 337–339]. A more detailed understanding of the interactions between charge carriers and
lattice vibrations is thus required to fully predict the theoretical upper limit of carrier mobility
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in MHPs.
Ultrafast transmission electron microscopy, or UEM, is a technique ideally suited to under-
stand the time evolution of phonons, and thus can help address several voids in our collective
understanding of fundamental MHP properties. The pump-probe approach of UEM, of which
CEMS own Flannigan group is at the forefront, has resulted in the ability to investigate how
electron-phonon coupling and phonon-phonon coupling evolve over fs- to ps- time scales in a
wide range of materials [340–345]. Because of the scientifically important and functionally rel-
evant questions UEM can elucidate in the field of MHPs, we have recently begun a collaboration
with Elisah VandenBussche in the Flannigan group to look at MHP materials in the UEM.
Our initial work up to this point has focused on sample preparation and mitigation of damage
from the electron beam in the UEM instrument. Several synthesis techniques were attempted to
create phase-pure,<100nm thick samples of MAPbI3 required for UEM experiments, including
microtoming or FIB-ing single crystals, one-step drop casting of MAI + PbI2 solutions, PbI2
platelet growth in solution followed by MAI vapor phase reaction, and one-step spin coating of
MAI + PbI2 solutions onto a TEM grid (see Appendix H for additional synthesis details). Of
these methods, one-step spin coating of MAI + PbI2 solution directly onto a TEM grid provided
the most consistently viable MAPbI3 crystals with appropriate thickness.
After optimizing this synthesis technique, Elisah performed several studies to determine
how pulsed electron beams could be used to mitigate, and potentially study, the degradation of
MHP materials, as discussed in detail elsewhere [346]. Briefly, these initial investigations have
shown that the pulsed-beam technique afforded by the UEM can be used to significantly reduce
MHP damage caused by the electron beam as compared to traditional thermionic TEM sources,
in which the electron emission is random over time. These results are important because they
lay a necessary foundation for detailed investigation of MHP materials in the UEM while mini-
mizing material damage. They also provide insight into future research directions to investigate
the origins of MHP degradation as they relate to charge-phonon interactions.
Additional questions that could be investigated going forward include how defects impact
phonon initiation and propagation and how energy imparted from photoexcited electrons is
transferred to the lattice. The latter may be particularly important for understanding the ori-
gins of low non-radiative recombination rates in MHPs, as it has been hypothesized that this
property may arise from the fact that photogenerated carriers are only (weakly) coupled to low-
energy phonons, and therefore energy dissipation via phonons is less likely due to the need to
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excite multiple phonons simultaneously [93, 117]. Understanding the timescales and modes
involved in energy dissipation in these materials using UEM may thus uncover the fundamental
mechanisms governing the ideal optoelectronic properties in MHPs.
8.2.4 CGAVD System Improvements
If future research efforts involve substantial use of the CGAVD system, there are several modi-
fications that will help to reduce growth-to-growth variation, improve control of substrate tem-
perature, and increase ease of data collection:
◦ Convert sources to active heating. One of the challenges with the current CGAVD
setup is that the source material temperature is controlled by manually positioning the
source holders along the temperature gradient established by the furnace. Depending on
where in this temperature gradient the sources are, the ampoule itself may see a larger or
smaller ∆T from front to back. For example, the MAI source holder may see a nearly
10 °C gradient, whereas the SnI2 holder will see closer to a 3 °C gradient. This makes
it much more challenging to predict deposition rates, especially when sources are used
multiple times. Furthermore, it is not clear whether the ampoule geometry is ideal for cre-
ating a cavity in which the vapor pressure can come to equilibrium quickly. These issues
can lead to substantial variations between growths, which makes consistent experimen-
tal results difficult to achieve. To solve both of these issues, and to make the deposition
procedure easier, I recommend implementing an active heating element which can be
used to heat source material to desired temperatures without relying on the temperature
gradient established by the furnace. This can allow much faster heat up and cool down
of material, more precise control of temperatures, and uniform temperatures across the
entirety of the source material powder volume. A schematic example of this modification
is shown in Figure 8.4, which would require adding a flange adapter to the source side
of the chamber, individual band heaters for each ampoule, and a temperature controller.
Alternatively, the source materials could be heated externally to the chamber altogether,
although this would require careful implementation to create a heating scheme that would
be safe (would not result in easy burns), and that would minimize heat stress to chamber
o-ring and other temperature sensitive components that are currently situated outside of
the furnace.
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Figure 8.4. Schematic example
of actively heated sources. Here,
active heating is accomplished
through individual band heaters
situated around the source am-
poules, which are connected to
a temperature controller via an
additional flange adapter on the
source side of the chamber.
◦ Install chilled water drops to replace ice/H2O circulator. Currently, substrate cooling
is achieved by a water circulator filled with ice and water. To provide more robust cool-
ing, minimize the hassle of using this system, and enable better temperature control, an
improved chilling system could be implemented.
◦ Install active thickness monitoring. The lack of active thickness monitoring makes it
challenging to grow films with a desired thickness accurately. The implementation of
active thickness monitoring during growth, for example using quartz crystal microbal-
ances (QCMs) or ellipsometry, would mitigate this challenge. However, this would be
a substantial effort and would require a redesign of the chamber geometry and several
corresponding components. It should be noted that issues observed in VTE systems with
accurate thickness monitoring of MAI using QCMs is expected be much less of an issue
in CGAVD as the precursor flux rates are controlled by carrier gas flow rate in addition
to source material temperature.
◦ Enable computer control of temperatures and flow rates. Currently, many of the
components in the CGAVD system are manually controlled, including the temperature
and flow-rate of the chilled water, temperature of source material, furnace temperature
setpoints, chamber pressure control valve, and dilution gas and purge gas flow rates.
Converting these to computer control would enable easier and more precise control and
monitoring of these quantities. It would also enable better data logging, especially when
integrated with the database (below).
◦ Integrate CGAVD data collection with Holmes group database. Currently, only source
material and substrate temperatures are automatically logged during growth. All other
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growth conditions (temperatures, pressures, and flow rates) must be recorded manually
and input into an excel spreadsheet for reference. Automating as much of this data col-
lection as possible, and integrating this with the Holmes group database would result in
better data transparency and reproducibility. Initial efforts could include importing the
current excel spreadsheet of experiments into the database and setting up a growth pa-
rameter GUI for future growths as has been implemented for OLEDs.
8.3 The Future of MHPs
Given the over 25% power conversion efficiency that has been achieved for MHP photovoltaics
in under 10 years of intensive study, it seems very likely that this materials system will continue
to be technologically relevant moving forward [19]. Furthermore, the low cost of materials
and synthesis methods for MHPs mean that further increases in efficiency are not necessar-
ily required for them to be commercially relevant. Indeed, several start-up companies have
already been created in an attempt to commercialize MHP PVs,2 and some predict that per-
ovskite/silicon tandem solar cells will enter large-scale production in 2021 [347]. However,
technological, practical, and political challenges remain before this materials class can be im-
plemented on a widespread scale.
One of the major outstanding issues with MHP commercialization is their instability when
exposed to light, heat, oxygen, moisture, and electrical bias, all of which are likely to be ap-
plied to devices in operation in the real world [59, 135–137]. In order to compete with Si-based
PV devices, it is widely acknowledged that MHP PV modules will need to have an operational
lifetime of 20-25 years [348]. While some PVs have succeeded in passing the International
Electrotechnical Commission (IEC) accelerated stress tests, it is generally agreed that the field
of MHP devices is far from reaching sufficient lifetimes [347]. One review finds that the av-
erage degradation rate of MHP PV modules is well over 50%/year, compared to ∼0.5%/yr for
crystalline Si [59]. A related challenge in the research of MHPs is the lack consistency regard-
ing how and what factors related to stability are tested and reported. Recently, a large number
of researchers collaborated to publish a ”Consensus Statement” regarding how best to test and
report degradation of MHPs in hopes of addressing these inconsistencies [348]. To improve
the operating lifetime of MHPs in devices to a suitable level for commercialization will likely
2Oxford PV, Solaronix, EPFL, Greatcell Solar, Toshiba, and Microquanta Semiconductor
129
require a suite of approaches. This may include the implementation of MHPs that have higher
intrinsic stability (like all inorganic MHPs or mixed cation and anion MHPs), the minimiza-
tion of defects that can accelerate degradation mechanisms (surfaces, grain boundaries), surface
passivation strategies, and the addition of protective capping and encapsulation layers [59].
The toxicity of all high-performing Pb-perovskites is another major factor impeding the vi-
ability of MHPs to be realize commercially, both in terms of the political challenges associated
with distributing a lead-containing technologies, and with the real and substantial health impacts
that errant lead compounds can cause if not properly contained. The lead contained in high per-
forming MHPs is particularly problematic because of the aforementioned instability of these
materials in ambient conditions, where exposure to water can create water-soluble byproducts
like PbI2. As one study that assesses the toxicity of lead-based MHP concludes ”there is one
strict condition on which the large-scale implementation of this photovoltaic technology hinges:
100% reliable containment of degradation products from modules that lose their structural in-
tegrity during their useful life. The perovskite technology can be deployed in a completely safe
way (both for human health and the environment) only if modules are fitted with an absolutely
fail-safe encapsulation, resistant to extreme conditions” [57]. Interesting approaches to this
challenge are already underway, like the development of ”on-device” Pb sequestration strate-
gies to retain any potential leakage in the case of catastrophic damage [160]. The discovery
of a less toxic, Pb-free (and likely Sn-free) alternative with similar optoelectronic performance
would be a boon to this technology, but there currently are no such promising materials. If lead
MHPs end up being widely commercialized, extreme care must be taken towards limiting the
potential human and ecosystem harm that could arise from Pb-exposure.
In addition to the instability and toxicity of current MHP materials and devices, widespread
implementation will require the development and scale-up of industrial scale fabrication tech-
niques that can maintain the integrity and high performance of these thin films. Currently, the
vast majority of high-efficiency MHP devices have small active areas, typically less than 1 cm2.
Common techniques that are capable of resulting in large-area films include doctor blading,
slot-die coating, printing, soft-cover deposition, spray-deposition, dip coating, and vapor-based
deposition [172]. While it remains to be seen which of these techniques will dominate the
emerging MHP market, the majority of perovskite startups are using some variation of print-
ing techniques, however doctor-blade coating, soft-cover deposition, and spray coating methods
have thus far resulted in the highest efficiencies for devices with active areas over 10 cm2 [163].
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Finally, the next decade of research on MHPs will likely see a burgeoning of applications
outside of solar cells. While perovskite materials have already made their way into many types
of non-PV devices including photodetectors [40–42], light emitting diodes [43, 56], lasers [44,
45], transistors [46, 47], and resistive memory devices [48, 49], most of these technologies
are still in their infancy. It is also possible that we will soon see the emergence of entirely
new applications. For example, the advent of all perovskite heterojunctions may enable the
realization of devices based on resonant tunneling, negative differential resistance, and quantum
confinement.
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Appendix B
Common Experimental Methods
B.1 Cleaning and Materials
B.1.1 Substrate Cleaning
Glass, Si, and ITO substrates were cleaned via sequential sonication in baths of diluted tergitol,
deionized water, and acetone. Substrates were then boiled in isopropanol, dried with N2, and
treated with UV-ozone for 15 minutes.
B.1.2 Materials Used
All materials were used as received: PbBr2 (Sigma Aldrich, 99.999% metals basis), PbI2 (Sigma
Aldrich, 99.999% metals basis), MABr (Sigma Aldrich, >99% purity), FABr (Sigma Aldrich,
98% purity), FAI (Sigma Aldrich, >99% purity), SnBr2 (BTC, 99% purity), MAI (Lumtec,
99.5% purity), SnI2 (Alfa Aesar, 99.999% purity), CsBr (Sigma Aldrich, 99.9% trace met-
als basis), N,N-Dimethyl-formamide (anhydrous, 99.8%), Chlorobenzene (anhydrous, 99.8%),
Dimethyl sulfoxide (anhydrous, >99.9%).
B.2 Characterization Methods
Film thicknesses were measured using a J.A. Wollam Spectroscopic Ellipsometer and Cauchy




). Fit was performed at wavelengths corresponding
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to the non-absorbing region (i.e., larger energies than the bandgap) of each film which varied
depending on the MHP measured.
Absorbance measurements were performed with a CARY 7000 UV-VIS-IR spectrometer.
X-ray diffraction was collected using a PANalytical X’pert PRO (theta-theta) or Bruker D8
(2D) diffractometer with Co Kα radiation (λ=1.7889 Å) unless otherwise specified.
Scanning Electron Microscope (SEM) images were obtained using a JEOL 6500 instrument
with 5 kV potential and ∼ 30 mA current. Films were affixed to the SEM sample holder with
conductive carbon tape, but were not covered with a conductive coating.
Appendix C
Synthesis of Pb and Sn Free MHPs
A substantial portion of my initial research was focused on attempts to synthesize and char-
acterize some potential new Pb- and Sn-free MHPs including MABaI3, MACaI3, and CsBaI3.
Several synthesis approaches including solution and solid-state methods were attempted, and
the resulting materials were characterized with several techniques including x-ray diffraction
(XRD) and UV-visible absorption spectroscopy (UV-vis). As the precursors for the desired
perovskite materials are highly hygroscopic, methods for characterization without air exposure
were also developed and validated.
We also collaborated with the Gagliardi group to perform density functional calculations
on several of these materials (CsMI3 perovskites with M = Ge, Sn, Pb, Mg, Ca, Sr, and Ba)
[67]. The outcome of this study, as well as our experimental results, was that Mg and Ba
perovskites are unlikely to form because they have positive formation energies. Although Ca
and Sr perovskites have negative formation energies with respect to the metal-iodide precursors,
they exhibit wide band gaps and high hygroscopicity, making these unlikely candidates for
applications in photovoltaic devices. This Chapter is adapted with permission from D. Ray et al.
”Computational Study of Structural and Electronic Properties of Lead Free CsMI3 Perovskites
(M = Ge, Sn, Pb, Mg, Ca, Sr, Ba)”. In: The Journal of Physical Chemistry C 122 (2018),
78387848. DOI: 10.1021/acs.jpcc.8b00226. Copyright 2018 American Chemical Society.
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Figure C.1. Elements elim-
inated as potential replace-
ments for lead based on va-
lence state (blue) and toxi-
city (green) criteria. 19 el-
ements (white) remain after
this elimination.
C.1 Preliminary Work
C.1.1 Identification of Potential B2+ Site Cations
Excluding ASnX3, which has known stability issues, no promising Pb-free HPs with ABX3
stoichiometry had been synthesized at the time of this initial work. With this in mind, we
sought to synthesize novel ABX3 HPs using B-site cations not from column 14 (i.e. Ge, Sn,
Pb).
Eliminating toxic elements and those that do not have a 2+ oxidation state (and thus cannot
be accommodated in an A1+B2+X1−3 perovskite), reduces the periodic table to the 19 elements
shown in white in Figure C.1. Geometric factors were then used to further refine potential
replacements for lead. The coordination factor µ (Equation 2.1) and Goldschmidt’s tolerance
factor t (Equation 2.2), are two metrics that can indicate whether a perovskite will be stable
[66]. In both equations, rA, rB and rX are the radii of the ions at sites A, B and X, respectively.
For halide perovskites, Li et al. find that the vast majority satisfy 0.442 < µ < 0.895 and 0.813
< t < 1.107 [66]. While heuristic, these metrics are a powerful tool to screen for potential HPs.
Accordingly, µ and t were calculated for the 19 elements in Figure C.1 that passed the
valence and toxicity filters. Calculations were done for Cl, Br, and I as the X-site halogens, and
for three common A-site cations: CH3NH+3 (MA
+), CH3CH2NH+3 (EA
+), and Cs+. Table C.1
lists the ionic radii used in these calculations and Figure C.2 shows the resulting t and µ values
for all 171 combinations; combinations highlighted in green with a white background meet both
geometric requirements. Considering the scarcity of the lanthanides, Pt, and Pd, the five most
attractive replacements for Pb are Ca, Sr, Ba, Ti and V.
To the best of our knowledge, none of the organic halide perovskites in Figure C.2 had been
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Table C.1: Ionic radii used for geometry calculations.
Figure C.2. Calculated coordination number (µ) and Goldschmidt tolerance factor (t) for
potential metal cation replacements for lead in ABX3 halide perovskites.
synthesized at the time this calculation was completed. Very soon after, a paper claiming to
have synthesized MACaI3 was published [352]. Similarly, another paper was found claiming to
have synthesized MABaI3 [353]. The tolerance factor calculation does not predict MABaI3 as
a stable perovskite: t is 0.79, outside but close to the lower limit (0.813). However, the criteria
given by Li et al. is not infallible, as their paper also shows six experimentally synthesizable
perovskites outside of the defined stability range. Indeed, several papers were found that claim
to have synthesized CsMgI3 [354], CsBaI3 [355], and CsSrI3 [356], none of which meet the
above 0.442 < µ < 0.895 and 0.813 < t < 1.107 criteria.
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However, none of these papers present high-quality XRD data convincingly demonstrat-
ing perovskite formation; most include no XRD data at all [352–356]. It was thus thought
worthwhile to pursue the synthesis of MABaI3 and MACaI3, with the goal of providing high
quality structural and optoelectronic data. The synthesis of CsBaI3 was also attempted as Cs
compounds can withstand higher synthesis temperatures. While the bandgaps for CsBaI3 and
MABaI3 perovskites are expected to be >3 eV, much too large for single-junction PV absorber
layers, these materials could be used for tandem cells or transparent conducting contacts [353–
357]. It is worth noting that 31 of the calculated compounds in Figure C.2 meet the Li et al.
criteria. Experimentally screening all of these compounds would be quite time intensive - and
supporting DFT calculations by the Gagliardi group were used to further assess the potential
for these materials to be stable, as detailed in Section C.3 [67]. In this preliminary work, the
strategy has been to select some promising candidates (MABaI3, MACaI3, and CsBaI3) and
attempt to synthesize them using solid state and solution methods.
C.1.2 Development of Air-Free Characterization Techniques
The metal halide precursors for the perovskites chosen for synthesis (BaI2, CaI2) are very hy-
groscopic: they will visibly liquefy in air in a matter of hours (see Figure C.3d). Furthermore,
it was unknown whether MABaI3, MACaI3, and/or CsBaI3 would be stable in ambient condi-
tions. Thus, a method for conducting XRD and optical measurements without air exposure was
required.
Existing methods for encapsulating air-sensitive materials for XRD, including glass cap-
illary tubes and a variety of Kapton and Mylar tapes, were tested. All proved inadequate in
their sealing and/or attenuation properties. Therefore, a small vessel was fabricated with a 3.6
µm Mylar window and an o-ring seal, as seen in Figure C.3b. This vessel was used for XRD
measurements on all powders and thin films in this chapter unless otherwise stated. Measure-
ments were taken with the Bruker D8 Discover 2D diffractometer (CoKα source, 1.78899 Å).
Angles down to 10° 2θ can be reliably measured with this vessel using standard length X-ray
collimators.
A sealed vessel for optical measurements was made by adding quartz windows to a KF-
flange (Figure C.4). Quartz has low absorption in the UV, which is important for the high-
bandgap materials being studied. This vessel was validated in PL and UV-vis setups with a
∼400 nm film of NPD (N,N’-Di(1-naphthyl)-N,N’-diphenyl-(1,1’-biphenyl)-4,4’-diamine), an
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Figure C.3. (a) XRD pattern from BaI2 powder in vessel after 24 hrs. (b) Vessel for air-free
XRD measurements. (c) XRD pattern of air-exposed BaI2, which matches with the hydrated
compound BaI2*H20. (d) Visible hydration of air-exposed BaI2 powder. X-ray diffraction was
collected using a Bruker D8 2D diffractometer with Co Kα radiation (λ=1.7889 Å).
HTL used for organic light-emitting devices, which has absorption and luminescence features
in the visible and UV [358, 359]. Spectral peak shapes and locations were maintained when
using the vessel.
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Figure C.4. Sealing vessel for air-free PL
and UV-vis measurements, with demon-
stration of sealing using highly hygro-
scopic CaI2.
C.2 Attempted Synthesis of MABaI3, MACaI3 and CsBaI3
C.2.1 Thin Films from Solution
Both one-step and vapor-assisted two-step methods were used in an attempt to synthesize
MABaI3 and MACaI3 perovskites. The method for making one-step thin films followed the
procedure outlined by Kumar et al. [353]. A 1:1 molar ratio of MAI:XI2 (X = Ba, Ca) pow-
ders was dissolved in Dimethlyformamide (DMF) at a concentration equivalent to 40 wt% per-
ovskite. Solutions were kept at 70 °C and stirred at 1000 RPM for 12 hours. At intervals of
7, 14, 21, and 25 days, films were made via spin coating at 2000 RPM and were subsequently
annealed at 100 °C for 30 minutes.
Films were characterized using 2D XRD. Predicted XRD patterns were simulated based on
the unit cell parameters from Kumar et al. for MABaI3 (a = 9.299 Å, b = 9.301 Å and c =
13.936 Å) [353] and Uribe et al. for MACaI3 (a = 6.2632 Å, b = 6.2780 Å and c = 6.3692
Å) [352]. Predicting exact peak locations for perovskites is difficult due to the subtleties of
octahedral tilting. What is important is that regardless of this tilting, perovskites with BaI6 and
CaI6 octahedra are expected to have planes with d-spacings of∼6.4 to 7.2 Å, which correspond
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Figure C.5. XRD patterns for several simulated low-energy CsBaI3 crystal structures from the
Gagliardi group.
to reflections between 14.3° and 16.1° 2θ (CoKα). This was further verified by simulations on
various unit cell geometries performed by the Gagliardi group for CsBaI3, presented in Figure
C.5, which show peaks below 15° 2θ for all cases.
Unfortunately, no solution processed films measured with XRD showed any peaks matching
the simulated MHP patterns, as shown in Figure C.6. Furthermore, all peaks could be entirely
matched by precursor materials, suggesting that a perovskite was not formed in any measureable
quantity. As solvent choice has been shown to impact perovskite formation, this procedure was
repeated with Dimethyl sulfoxide (DMSO) with the same result (Figure C.6a) [142].
One issue encountered during this process was that the majority of films measured had peaks
only corresponding to MAI-they were missing all BaI2 or CaI2 peaks. All films that had visible
BaI2 or CaI2 peaks also had peaks corresponding to hydrated compounds (e.g. BaI2*H20). We
hypothesize that this is due to the extreme air sensitivity of BaI2 and CaI2 precursors. Although
all synthesis and encapsulation steps were performed in a glovebox, even a trace amount of
water in the glovebox or a small leak in the mylar could be sufficient to liquefy a thin film. The
issue of creating thin films stable enough for characterization was documented in the literature
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Figure C.6. XRD patterns for air-free solution processed films of (a) MAI and BaI2 and (b)
CaI2 and MAI. No films showed peaks indicative of perovskite formation. X-ray diffraction
was collected using a Bruker D8 2D diffractometer with Co Kα radiation (λ=1.7889 Å).
for MACaI3 [352].
UV-vis absorbance measurements were also recorded for solution processed films. Based on
the work of Kumar et al., MABaI3 has a bandgap of ∼3.9 eV (∼320 nm). All films measured
showed a lack of visible peaks above 250 nm, providing further evidence that HPs did not form
in any measureable quantity.
A two-step vapor-assisted solution method was also attempted to synthesize MABaI3 and
MACaI3. Multiple reaction temperatures and times were tried (e.g., 100 °C for 1 hr, 100 °C
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for 24 hr), and each was validated using MASnI3 (Figure C.7). The deposition of MAI onto
the substrate was also confirmed visually: upon exposure to MAI, the XI2 films changed from
smooth and transparent to rough and white. An XRD pattern from a representative MABaI3
film is shown in Figure C.6a (lightest green trace), which exhibits peaks only corresponding to
MAI.
Figure C.7. (a) Appear-
ance of SnI2 film after spin
coating, and then perovskite
formation after sitting in
a sealed vessel with MAI
powder at room temperature
for 1 hr. (b) XRD pattern
confirming MASnI3 forma-
tion for black film. X-ray
diffraction was collected us-
ing a Bruker D8 2D diffrac-
tometer with Co Kα radia-
tion (λ=1.7889 Å).
C.2.2 Solution Aging
During the process of attempting to make thin films from solution, it was observed that some of
the solutions yellowed over time. As single-crystal lead-perovskites are often grown in solution
[60], it was at first though that this color change could indicate a reaction between MAI and
BaI2, and perhaps even the formation of a perovskite. A reaction occurring in the solution
phase is supported by the data presented in Kumar et al.: perovskite formation only occurred
after the BaI2 and MAI solution had been aged for 7 or more days [353].
To investigate this possibility, a DMF solution was made with only the BaI2 precursor (with-
out MAI). When exposed to air, this BaI2 only solution also yellowed. A series of UV-Vis
absorbance measurements were recorded for both BaI2 + MAI and BaI2 only solutions as a
function of air exposure time. These data are shown in Figure C.8. The solutions had the same
absorbance trends over time, suggesting that the yellowing was not due to a reaction between
MAI and BaI2, and thus was not due to perovskite formation. Additionally, thin films made via
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Figure C.8. Solutions of BaI2 and BaI2 + MAI in DMF, yellowing with air exposure, and
corresponding UV-vis scans.
spin coating from yellowed and non-yellowed BaI2 and MAI solutions showed no differentiat-
ing features in UV-vis measurements.
Yellowing upon exposure to air could be due to the hygroscopic nature of the BaI2 com-
pounds. However, water added to the solution in an N2 glovebox produced no visible color
change. This suggests exposure to water alone is not responsible for the yellowing. Nonethe-
less, this has no impact on the conclusion that the yellowing is not due to perovskite formation.
C.2.3 Solid State Precursor Methods
Several difficulties were encountered during solution-based synthesis, including dewetting dur-
ing film formation, poor film morphologies, and extreme air-sensitivity of films and solutions.
This motivated the use of a more robust, solution-free process for MABaI3, MACaI3, and
185
CsBaI3. “Solid state precursor” methods have been successfully used in the literature to syn-
thesize HP materials, and involve the heating of well-mixed solid precursors (e.g. BaI2 + MAI)
[60]. While typically resulting in a less phase-pure perovskite, this method is more robust and
provides a much larger sample volume for characterization.
The most direct way to observe perovskite formation is to perform measurements during the
heating process. To that end, in-situ heated XRD and differential scanning calorimetry (DSC)
measurements were done on mixed precursor samples as a function of temperature. Using the
in situ heating capabilities of the D8 Advance XRD, we attempted to follow the solid-state reac-
tions as mixtures of XI2 and MAI powders are heated while collecting XRD. The D8 Advance
relies on a highly flat powdered sample for alignment and measurement. Unfortunately, it was
observed that MAI powder grows 3D crystals out of the plane when it is heated for >1hr (Fig-
ure C.9). This behavior makes in situ heated XRD an ineffective characterization technique for
solid-state perovskite synthesis involving MAI.
Figure C.9. In-situ heated XRD on MAI powder sample. Upon heating, an initially flat sample
results in 3D crystal growth, which renders the measurement impossible. XRD was collected
using a Bruker D8 Advance diffractometer with Cu Kα radiation (λ=1.541 Å).
Differential scanning calorimetry (DSC) is another method that can probe if a reaction be-
tween two heated powders occurs at various temperatures. DSC measurements were taken on
finely ground (∼5 mg) powders of individual precursors (BaI2, CaI2, or MAI) and mixed pre-






only distinct feature is
the phase change of
MAI near 140 °C.
Figure C.11. X-ray diffrac-
tion patterns showing methy-
lammonium iodide (MAI) phase
change. The phase change from
tetragonal to cubic crystal struc-
tures begins to occur at ∼145 °C,
and is visibly until 155 °C in
this data. XRD was collected us-
ing a Bruker D8 Advance diffrac-
tometer with Cu Kα radiation
(λ=1.541 Å).
DSC pans in an N2 glovebox. Samples were heated at a rate of 1° C/min, up to 200 °C (below
the decomposition temperature of MAI). Figure C.10 shows DSC traces for BaI2 and CaI2 mea-
surements. The only distinct feature in the mixed precursor powders is due to the phase change
of MAI near 140 °C, which was also confirmed via XRD (Figure C.11). There was no indica-
tion of a reaction between the precursor powders at these temperatures and heating rate. Higher
temperatures are inaccessible due to the decomposition of MAI (Figure C.12), but longer time
at the highest temperature may enable a reaction if the reaction is kinetically limited.
Because in-situ heated XRD and DSC proved inconclusive, we attempted solid-state syn-
thesis by heating mixed precursor powders in ampoules for long reaction times. In a glovebox,
finely ground powders (mixed by co-grinding) were loaded into a 0.5” OD quartz ampoule,
which was evacuated overnight to ∼3 mTorr. Ampoules were then flame-sealed and heated
in a furnace at the desired temperature (see Figure C.13a). After heating, the resulting pow-
ders/ingots were ground and characterized using 2D XRD. This procedure was carried out for
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Figure C.12. Decomposition of MAI. All samples are MAI powder heated in sealed quartz
ampoules (∼3 mTorr N2). XRD was collected using a Bruker D8 2D diffractometer with Co







a variety of stoichiometries and temperatures, as summarized in Figure C.13b. The MAI com-
pounds could not be heated above 200 °C, because MAI starts to decompose above this tem-
perature (see Figure C.12). The Cs and BaI2 compounds, however, can be heated above their
melting temperatures. This “Bridgman Technique” is common for growing CsBX3 (B=Ba, Sr,
Ca, X=Halogen) crystals for scintillators [355, 356, 360, 361]. All tests were also done on neat
precursor powders (BaI2, CaI2, MAI, CsI) as a control.
None of the solid-state trials resulted in measurable perovskite formation, as determined
from the absence of XRD peaks below 20° 2θ. Figure C.14 shows representative XRD data
from these experiments. Ca compounds are not included due to issues with sample hydration.
The MAI and BaI2 compound shown in Figure C.14a has peaks that correspond only to MAI.
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As with the thin films, trials that had visible BaI2 peaks also showed hydrated BaI2 compounds.
XRD patterns for the BaI2 and CsI precursors are shown in Figure C.14b. The 3:1 BaI2:CsI
stoichiometry formed the known “double-salt iodide” material CsBa2I5 [362]. Increasing the
molar ratio of CsI resulted in the disappearance of the CsBa2I5 phase, appearance of significant
CsI precursor peaks, and also the appearance of two peaks near 30° 2θ (marked with question
marks). While the exact identity of these peaks were not identifiable, our hypothesis is that they
are shifted BaI2 peaks due to the incorporation of Cs interstitial or substitutional defects. At the
1:1 ratio, the unknown peak is shifted left of the nominal BaI2 peaks by 0.16° 2θ. At 1:3 and
1:6 CsI:BaI2 ratios, the measured peaks are shifted by 0.3° 2θ. The increase in peak shift could
be due to an increase in Cs+ incorporation into the lattice, which appears to saturate above
the 1:3 ratio. Peaks shifted to a lower angle would reflect the larger size of Cs+ compared to
Ba2+. Regardless of the identity of these two peaks, the powder XRD patterns in Figure C.14b
lack any peaks below 20° 2θ, indicating that no measureable amount of perovskite was formed.
Unlike the synthesis of MABaI3, where all precursors stayed in the solid phase, melting the
precursors means that kinetic barriers are an unlikely cause of lack of perovskite formation.
This is confirmed with the measured formation of the CsBa2I5 phase.
The results presented here provide significant evidence that MABaI3, MACaI3, and CsBaI3
perovskites were not synthesized in measurable quantities using a variety of techniques. While
this does not conclusively prove that these perovskites cannot be made, it does suggest that they
would have high kinetic barriers to reaction and/or exist in metastable states.
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Figure C.14. (a) XRD pattern for 1:1 molar ratio of BaI2:MAI heated for 100 hr at 200
°C, showing no appreciable formation of MABaI3 perovskite. (b) XRD patterns for different
stoichiometries of CsI and BaI2 precursors used in an attempt to synthesize CsBaI3. The 1:3
CsI:BaI2 ratio (darkest blue trace) formed the known CsBa2I5 double-salt iodide (black sticks)
with the residual BaI2 precursor (red asterisks). Increasing the molar ratio of CsI resulted in
the disappearance of the CsBa2I5 phase and the appearance of significant CsI precursor peaks
(orange crosses). Two unknown peaks near 2θ =30°, hypothesized to be shifted BaI2 peaks
due to the incorporation of Cs interstitial or substitutional defects, are evident in the 3:1 and
6:1 CsI:BaI2 traces. Notably, no peaks match the simulated CsBaI3 patterns (green and yellow
traces), which suggests that the CsBaI3 perovskite was not formed in a measurable quantity.
XRD was collected using a Bruker D8 2D diffractometer with Co Kα radiation (λ=1.7889 Å).
C.3 Collaboration with the Gagliardi Group
To support a collaboration with the Gagliardi group, we also attempted the synthesis of CsSrBr3
and CsCaI3 [67]. As with MACaI3, the attempted synthesis of CsCaI3 was similarly unsuccess-
ful, likely due to the extreme hygroscopicity of CaI2. All XRD patterns measured showed peaks
that could be entirely matched by CsI, CaI2, or hydrated versions of CaI2 such as CaI2*H2O.
By contrast, CsSrBr3 was readily synthesized using the solid-state technique shown in Fig-
ure C.13a. Figure C.15 shows the XRD patterns for 1:2, 1:1, and 2:1 molar ratios of CsBr and
SrBr2 precursors, all of which resulted in significant formation of CsSrBr3, with some resid-
ual precursor in the 1:2 and 2:1 ratios. Absorption measurements were performed on CsSrBr3
powder suspended in silicone oil (Figure C.16). No appreciable absorption was detected in this
suspension down to a wavelength of 200 nm, suggesting a band gap greater than 6.2 eV. This
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Figure C.15. XRD patterns for different
stoichiometries of CsBr and SrBr2 precur-
sors used to synthesize CsSrBr3. All three
ratios (blue traces) show the formation of
the CsSrBr3 perovskite (black sticks). As
expected, the 1:2 ratio also contains ex-
cess SrBr2 (red asterisks), and the 2:1 ra-
tio contains excess CsBr (orange crosses).
XRD was collected using a Bruker D8
2D diffractometer with Co Kα radiation
(λ=1.7889 Å).
Figure C.16. Absorption data for several concentrations of CsSrBr3 suspended in silicone
oil. (a) Raw absorbance data, which shows significant scattering at long wavelengths for large
concentrations. (b) Normalized absorbance data, which shows there is no significant absorption
above the background silicone oil signal down to 200 nm (instrument limit). This indicates that
the optical bandgap of CsSrBr3 could be >6.2 eV.
large bandgap was supported by a calculated band gap of 5.7 eV using the HSE06 functional
[67].
In parallel with our experimental work, the Gagliardi group performed electronic structure
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calculations of CsMI3 perovskites with M = Ge, Sn, Pb, Mg, Ca, Sr, and Ba. The goal was to
identify which, if any, alkaline earth metal species would be a viable replacement for lead in
ABX3 MHPs. Using several different density functional theory (DFT) functionals, the forma-
tion energy of different perovskite phases, their relative stability, and structural and electronic
properties were explored. The outcome of this study wass that Mg and Ba perovskites are
unlikely to form in the cubic, tetragonal, or orthorhombic phases because they have positive
formation energies. Ca and Sr perovskites had negative formation energies (with respect to the
metal-iodide precursors), however they exhibit wide band gaps and high hygroscopicity, making
these unlikely candidates for applications in photovoltaic devices. These DFT results supported
our experimental findings, and motivated purusing other types of perovskites going forward.
Details of the DFT calculations and results can be found in ref [67].
Appendix D
Appendix for Chapter 4
D.1 Custom Metal Parts
The following section contains drawings that were provided to the CSE shop for making the





































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































The following section contains drawings that were provided for making the custom quartz parts











































































































































































































































































































































































































































































































































































































































































































































































































































































































































































D.3 Custom Acrylic for Enclosure
The following section contains drawings that were provided for making the custom acrylic parts

























































































































































































































































Figure D.1. FEA simulations in COMSOL to model thermal profile in prototype CGAVD
system. (a) Geometry, boundary conditions, and partial differential equations solved in this
simulation. (b) Simulated temperature profiles at a three different carrier gas flow rates: 0 sccm,
500 sccm, and 1000 sccm. These results are used to construct the axial temperature profiles in
Figure 4.2.
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Figure D.2. Reynolds number calculations for a variety of carrier gas flow rates, based both
on hand calculations and COMSOL calculations of gas flow velocities. Re stays well in the
laminar flow region for this system.
214
Figure D.3. Deposition parameters and XRD patterns corresponding to low-temperature films
in Figure 4.17. XRD was collected using a Bruker D8 2D diffractometer with Co Kα radiation
(λ=1.7889 Å).
Appendix E
Appendix for Chapter 5
E.1 Experimental Methods
For electronic measurements, films were deposited onto Ag, Au, or ITO contacts in a van der
Pauw geometry. Four terminal resistance and Hall effect measurements were measured DC with
a Keithley 2400 or a combination of a Keithley 220 current source and a Keithley 2002 voltmeter
at 280 K in a Quantum Design Physical Property Measurement System (PPMS) equipped with
a 9 T superconducting magnet. Checks were made for ohmicity, contact resistance, and Joule




Figure E.1. X-ray diffrac-
tion patterns corresponding
to XRD peak heights re-
ported in Figure 5.3. XRD
was collected using a Bruker
D8 2D diffractometer with
Co Kα radiation (λ=1.7889
Å).
Figure E.2. Images used for grain size determination that were prepared using the Weka train-
able segmentation tool in ImageJ on the SEM images in Figure 5.2.
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Figure E.3. X-ray diffrac-
tion patterns corresponding
to films in Figure 5.4. Nor-
malized excess precursor
ratios (IMAI /IMASnI3 or
ISnI2 /IMASnI3) are listed to
the right of the graph, with
positive numbers indicating
excess MAI and negative
numbers indicating excess
SnI2. XRD was collected
using a Bruker D8 2D
diffractometer with Co Kα
radiation (λ=1.7889 Å).
Figure E.4. The mag-
netic field dependence of
the transverse (Hall) resis-
tance (Rxy) for a stoichio-
metric MASnI3 film (nor-
malized excess precursor = 0
in Figure 5.4) at 280 K. The
positive slope indicates p-
type majority carriers, with
the slope inversely propor-
tional to hole concentration.
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Figure E.5. Grain area dis-
tributions vs. P and Ts cor-
responding to films in Fig-
ure 5.5. IQR corresponds
to the interquartile range.
Each distribution contains
between 200 and 300 grains,
taken from several SEM im-
ages from different areas on
each substrate.
Figure E.6. Texture coefficient TChikili as a function of P and Ts for additional peaks corre-
sponding to Figure 5.5.
Appendix F
Appendix for Chapter 6
F.1 Experimental Methods
Substrate cleaning procedures, materials used, and additional characterization methods can be
found in Appendix B.
F.1.1 Perovskite Film Synthesis
MAPbBr3 & FAPbBr3: MAPbBr3 & FAPbBr3 films were synthesized using a 1-step spin coat-
ing process inside of an N2 glovebox. 1M or 0.6M MAPbBr3 solutions (depending on de-
sired film thickness) with 15% excess MABr were made by dissolving 1:1.15 molar ratios of
PbBr2:MABr in a 4:1 volume ratio of DMF:DMSO. 0.6M FAPbBr3 solutions were made by
dissolving 1:1.10 molar ratio of PbBr2:FABr in a 4:1 volume ratio of DMF:DMSO. Solutions
were stirred at 1000 rpm until dissolved and filtered with a 0.2 µm PTFE filter. Films were then
static spin coated at 3000 rpm for 2 minutes, with 200 µL of chlorobenzene dropped between
10s and 45s into the spin cycle. Films were then annealed at 95 °C for 60 minutes.
CsPbBr3: CsPbBr3 films were synthesized using a 1-step spin coating process inside an
N2 glovebox following Cho et al. [363]. A 10.4 wt% CsPbBr3 with 10% molar excess CsBr
solution was made by dissolving PbBr2 and CsBr in DMSO. Solutions were stirred at 60 °C
and 1000 rpm until dissolved and filtered with a 0.2 µm PTFE filter. Films were then static spin
coated at 3000 rpm for 2 minutes and then annealed at 95 °C for 60 minutes.
MAPbI3: MAPbI3 films were synthesized using a 1-step spin coating process inside an N2
219
220
glovebox. 0.3M MAPbI3 solutions were made by dissolving 1:1.10 molar ratios of PbI2:MAI
in a 4:1 volume ratio of DMF:DMSO. Solutions were stirred at 1000 rpm until dissolved and
filtered with a 0.2 µm PTFE filter. Films were then static spin coated at 3000 rpm for 2 minutes
and then annealed at 95 °C for 60 minutes.
FAPbI3: FAPbI3 films were synthesized using a 2-step process inside an N2 glovebox fol-
lowing Binek et al. [364]. A 1M PbI2 solution was made my dissolving PbI2 in DMF, stirring
at 1000 rpm and heating at 60 °C until dissolved. The PbI2 solution was then filtered with a 0.2
µm PTFE filter. A 20 mM of organic halide solution was then made with 85% FAI and 15%
MAI in IPA and stirred at 1000 rpm until dissolved. Both solutions were kept at 60 °C during
film synthesis. First, a PbI2 film was deposited via dynamic spin coating 80 µL PbI2 solution
at 3000 rpm for 15 seconds. Immediately after spin coating, the films were gently immersed in
the FAI/MAI/IPA solution for 4-5 minutes, at which point they were spin coated at 3000 rpm
for 5s to remove remaining solution.
MASnBr3 & MASnI3: Deposition of Sn films using CGAVD followed the procedure out-
lined in Chapters 4 and 5. The deposition parameters for MASnBr3 & MASnI3 films reported
herein are as follows:
Figure F.1. Carrier-gas assisted vapor deposition parameters for MASnBr3 & MASnI3 films.
F.2 Additional Supporting Data
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Figure F.2. XRD patterns (a) – (c) corresponding to films in Figure 6.5d – f. The asterisk
in (f) corresponds to excess PbI2 phase. XRD was collected using a PANalytical X’pert PRO
diffractometer with Co Kα radiation (λ=1.7889 Å).
Figure F.3. Representative absorbance spectra (a) and XRD patterns (b) of a
MAPbBr3/MASnI3 heterojunction. All samples measured showed substantial mixing for the
initial measurements, indicated by the lack of absorption onsets and XRD peaks correspond-
ing to the individual film layers. Whereas substantial MAI excess was observable in the neat
MASnI3 film (*) via XRD, the heterojunction had substantial SnI2 excess (ˆ). It is possible
that these non-stoichiometries could have contributed to faster mixing via altering the defect
distribution. XRD was collected using a PANalytical X’pert PRO diffractometer with Co Kα
radiation (λ=1.7889 Å).
222
Figure F.4. Representative absorbance spectra (a) and XRD patterns (b) of a FAPbBr3/MASnI3
heterojunction, where t = 0 hr XRD measurements shows peaks corresponding to both con-
stituent layers. MAI (*) is visible in the neat MASnI3 film but not in the heterojunction, it
is possible that these non-stoichiometries could have contributed to faster mixing via altering
the defect distribution. XRD spectra at t = 25 hr shows substantial mixing alongside potential
degradation, as sharp peak at 2θ = 16.5° does not correspond to either constituent MHP. XRD
was collected using a PANalytical X’pert PRO diffractometer with Co Kα radiation (λ=1.7889
Å).
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Figure F.5. Representative absorbance spectra (a) and XRD patterns (b) of a
MAPbI3/MASnBr3 heterojunction. While initial absorption (t = 0 hr) measurements show ev-
idence for substantial mixing and lack onsets and features at wavelengths corresponding to
constituent films (λ ∼ 785 nm for MAPbI3 and λ ∼ 580 nm for MASnBr3), there is a small
peak visible in the t = 1 hr XRD measurements that corresponds to the MAPbI3 (100) peak at
2θ = 16.5°; i.e., at 1 hour there is mixing but it is not complete. Measurements at later times for
XRD indicate only one phase is present. XRD was collected using a PANalytical X’pert PRO
diffractometer with Co Kα radiation (λ=1.7889 Å).
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Figure F.6. Representative absorbance spectra (a) and XRD patterns (b) of a FAPbI3/MASnBr3
heterojunction. Absorbance spectra for films containing FAPbI3 have a large background due
to scattering from the films; all films appeared dull to the eye. XRD patterns of both MASnBr3
and heterojunctions show a small peak due to excess MABr at 2θ = 14°, it is possible that these
non-stoichiometries could have contributed to faster mixing via altering the defect distribution.
XRD measurements show peaks corresponding to both constituent layers at t = 0 hr, and evi-
dence of substantial mixing at t = 336 hr. XRD was collected using a PANalytical X’pert PRO
diffractometer with Co Kα radiation (λ=1.7889 Å).
Figure F.7. Representative XRD patterns of a CsPbBr3/MASnBr3 heterojunction. XRD was
collected using a PANalytical X’pert PRO diffractometer with Co Kα radiation (λ=1.7889 Å).
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Figure F.8. Fitting parameters (a) for the FAPbBr3/MASnBr3 heterojunctions shown in Figure
6.14a. (b) Results of fitting and calculation of Figure 6.14b y-axis values for small and large
grained films.
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Figure F.9. Results of fitting using the parameters in Figure F.8 for one small-grained and one
large-island FAPbBr3/MASnBr3 heterojunction shown in Figure 6.14b.
227
Figure F.10. Deposition conditions for rapidly mixing MASnBr3/MASnI3 films in Figure 6.11
Appendix G
Appendix for Chapter 7
G.1 Summary of All Experiments
XPS experiments were performed in several sets spanning from June 2018 - July 2020. A brief
description of the purpose of these experiments is as follows, with more experimental details
outlined in Table G.1:
June 2018: This was the first set of experiments performed using depth-profiled XPS. The
goal was to test different sputtering sources on MASnBr3 films to see which performed the best
for future experiments.
November 2018: Fine-tune etching parameters for C+60 and Ar
+
620 sources based off of Jun
2018 experiments, test on thicker MASnBr3 films.
May 2019: Investigate differences in halogen/metal ratio for films with measurable excess
precursors in XRD.
October 2019: Compare results from XPS, XRD, and and RBS to determine cause of non-
stoichiometric halogen to metal ratio.
December 2019: Investigate behavior and potential differential etching rates in all-inorganic
MHP CsPbBr3.
February 2020: Perform XPS experiments on MAPbBr3/MASnBr3 heterojunctions to ver-
ify stability of this layer structure and/or see evidence of B-site mixing.
March 2020: Perform XPS experiments on FAPbBr3/MASnBr3 heterojunctions of various
ages to probe extent of A-site and/or B-site mixing.
June 2020: Repeat of June 2018 experiments to vary sputter source, but this time on
228
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MAPbI3 films in order to get redundancy on this measurement and see how Sn and Pb films
compare in relation to sputter source behavior. Unfortunately, these films had substrate signal
(Si, O) the whole way throughout the depth profile, and thus were unusable. Our hypothesis is



























































































































































































































































































































































































































































































Table G.1: Summary of film and measurement parameters for all XPS experiments performed.
Pass energies are 69 eV unless noted otherwise.
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G.2 Experimental Methods
G.2.1 UPS Experimental Methods
UPS experiments were performed by Jennifer Mann in Feb 2020 on the same instrument as
described in Section 7.2. In this case, a Helium photon source (He I, 21.2eV, 57 W) was used
and the X-ray spot size was 4-6mm. The sputtering source was 20 kV/20 nA C+60, rastered over
6x6mm. Takeoff angle was 75 degrees and a pass energy was 1.3 eV.
G.2.2 RBS Experimental Methods
RBS experiments were performed by Greg Haugstad at Charfac using a MAS 1700 pelletron
tandem ion accelerator (5SDH) equipped with charge exchange RF plasma source by National
Electrostatics Corporation (NEC). Analytical endstation (RBS 400) by Charles Evans and As-
sociates. The ion beam used was H++ at 40 µC and energies between 3.5 and 4.3 MeV. RBS
data was fit using SIMNRA software, with samples comprised of two layers (Si for substrate
and CH3NH3PbI3 for MHP film). Result of fitting shown below, where I/Pb ratio is 2.90.
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Figure G.1. Result of data fit for RBS using SIM-
NRA software. Here, the I/Pb ratio is 2.9.
G.3 Supplemental Data for XPS Experiments
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Figure G.2. XRD taken on MASnBr3 films used in June 2018 XPS experiments, showing no
observed crystalline precursor peaks. XRD was collected using a Bruker D8 2D diffractometer
with Co Kα radiation (λ=1.7889 Å).
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Figure G.3. XRD taken on MAPbI3 films used in Oct 2019 XPS and RBS experiments, show-
ing no observed crystalline precursor peaks. XRD was collected using a PANalytical X’pert
PRO diffractometer with Co Kα radiation (λ=1.7889 Å).
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G.4 Additional XPS Data
This section contains additional XPS data that was not included in Chapter 7, organized by
experiment date.
G.4.1 November 2018
Figure G.4. XPS depth profile montage plots for MASnBr3 films taken in November 2018
with the Ar+620 sputtering source.
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Figure G.5. XPS depth profiles for MASnBr3 films taken in November 2018 with the Ar+620
sputtering source, created by integrating the montage plots in Figure G.4.
Figure G.6. XPS depth profile montage plots for 160nm thick MASnBr3 films taken in Novem-
ber 2018 with the C+60 sputtering source.
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Figure G.7. XPS depth profiles for 160nm thick MASnBr3 films taken in November 2018 with
the C+60 sputtering source, created by integrating the montage plots in Figure G.6.
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Figure G.8. XPS depth profile montage plots for 100nm thick MASnBr3 films taken in Novem-
ber 2018 with the C+60 sputtering source.
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Figure G.9. XPS depth profiles for 100nm thick MASnBr3 films taken in November 2018 with
the C+60 sputtering source, created by integrating the montage plots in Figure G.8.
G.4.2 May 2019
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Figure G.10. Full XPS Spectra for MASnI3 films from May 2019 Experiments.
Figure G.11. XPS montage plots for MASnI3 films with excess SnI2 from May 2019 Experi-
ments.
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Figure G.12. XPS montage plots for stoichiometric MASnI3 film from May 2019 Experiments.
Figure G.13. XPS montage plots for stoichiometric MASnI3 film from May 2019 Experiments.
242




Figure G.15. XPS montage plots for MAPbI3 films from October 2019 experiments using a
C+60 source.
244
Figure G.16. XPS depth profiles for MAPbI3 films from October 2019 experiments using a
C+60 source.
Figure G.17. XPS depth profiles for MAPbI3 films from October 2019 experiments using a
Ar+620 source.
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Figure G.19. Survey scan of as received CsPbBr3 used in December 2019 experiments prior to
sputtering.
Figure G.20. XPS montage plots for CsPbBr3 films from December 2019 experiments using a
C+60 source.
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Figure G.21. XPS depth profiles for CsPbBr3 films from December 2019 experiments using a
C+60 source.
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Figure G.22. XPS montage plots for CsPbBr3 films from December 2019 experiments using a
Ar+1800 source.
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Figure G.23. XPS depth profiles for CsPbBr3 films from December 2019 experiments using a
Ar+1800 source.




Figure G.25. Sn and Pb XPS spectra vs. sputter time for MAPbBr3/MASnBr3 heterojunction
measured in February 2020.
Appendix H
Appendix for UEM Experiments
H.1 Optimized Experimental Methods
Of the various synthesis methods attempted to make MAPbI3 flakes for UEM, a single step spin-
coating process directly onto the TEM grid was the most consistant and produced the highest
quality samples. The optimized procedure is as follows: Make 0.3M solution of MAPbI3 w/
10% molar excess MAI in DMSO (i.e. dissolve powders in DMSO). Place grid on Si wafer w/
a drop of toluene, evaporate toluene to get the grid to stick to the Si wafer. Dynamic spin coat
200 µL of 0.3M solution @ 3000rpm for 90s. Anneal grid on Si wafter at 100 °C for 60 min.
H.2 Other Attempted Synthesis Methods
H.2.1 One-step drop casting of MAI + PbI2 solutions
My first attempt to synthesize MAPbI3 on TEM grids was via drop-casting a solution of MAI
+ PbI2 in DMSO, followed by a 1 hour annealing of the grid at 100 °C. Unfortunately, this
resulted in significant impurities (i.e. not phase pure MAPbI3) and crystallites that were much
too thick to be electron beam transparent. As such, this method was quickly abandoned.
H.2.2 Microtoming or FIB-ing single crystals
Single crystal growth was performed by dissolving 1M MAI + PbI2 in γ-Butyrolactone. This
solution was heated at 60 °C for three days, and then filtered with a 0.2 µm filter. Crystal
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Figure H.1. Typical MAPbI3 sin-
gle crystals (left) and XRD patterns
(right). Note that many crystals grown
using this method appear to be deco-
rated with smaller crystallites on the
surface, as scratching the surface re-
sulted in significant change in XRD
intensity. XRD was collected using a
Bruker D8 2D diffractometer with Co
Kα radiation (λ=1.7889 Å).
growth was initiated via reverse temperature crystalization by heating this filtered solution at
110 °C in an oil bath for 3+ hours. This method was highly successful at growing macroscopic
and phase-pure crystals of MAPbI3, as seen in Figure H.1. Unfortunately, common methods to
create sufficiently thin layers of MAPbI3 from these large single crystals proved untenable. Ion
milling (FIB) was attempted, but this caused substantial degradation of the MHP material, such
that it was too damaged to be used in UEM experiments. Similarly, microtoming was attempted,
but this resulted in a crumbling of the MHP instead of clean slices. Therefore, this method was
not pursued further.
H.2.3 PbI2 platelet growth in solution + vapor phase MAI
PbI2 microplatelets were synthesized in solution following the procedure outlined by Li et al.
[365]. Then, TEM grids were dipped in this suspension, dried on a hotplate, and then sealed
in a KF flange with MAI powder. The flange was then heated to 110 °C - 120 °C) for ∼24
hours to sublime MAI vapor such that it would react with the PbI2 platelets. While this method
produced nice platelets, it was difficult to get monodispersed and thus consistently stoichiometry
platelets. Furthermore, once reacted with MAI, the platelets were typically too thick to be
electron transparent.
